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FOREWORD 


The  proceedings  of  the  Third  Semi-Annual  ANP  Radiation 
Effects  Symposium,  held  at  the  DInkler-Plaza  Hotel  In 
Atlanta,  Georgia,  October  28  through  30,  1958,  are  In 
six  volumes.  Each  of  the  first  five  volumes  presents  the 
unclassified  papers  from  one  of  the  five  sessions;  the  sixth 
volume  presents  classified  papers  from  all  five  sessions. 

Each  volume  contains  a  complete  table  of  contents  and 
an  Index  of  authors.  Volume  One  contains  a  list  of  the 
names  of  all  who  attended  the  Symposium. 
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THE  BEHAVIOR  OF  FUELS  AND  LUBRICANTS  IN 
DYNAMIC  TEST  EQUIPMENT  OPERATING  IN 
THE  PRESENCE  OF  GAXtMA  RADIATION 


by 

M.  Z.  Fainman 

Inland  Testing  Laboratories 
Morton  Grove,  Illinois 

Seventy-nine  fuels  and  forty-one  lubricants  were  stud¬ 
ied  to  determine  their  suitability  for  use  in  a  nuclear-powered 
aircraft.  The  materials  were  evaluated  in  dynamic  test 
equipment  operating  in  a  gamma- radiation  environment  pro¬ 
vided  by  50,  000  curies  of  Cobalt  60.  The  mechanical  test 
machines  used  were  those  that  have  been  useful  in  predicting 
the  performance  of  fuels  and  lubricants  in  the  aircraft  gas 
turbine.  These  mechanical  tests  conducted  at  elevated  tem¬ 
peratures  in  a  radiation  environment  often  affect  materials 
more  drastically  and  at  lower  doses  of  radiation  than  antici¬ 
pated,  indicating  that  it  is  necessary  to  assess  the  effects  of 
mechanical,  thermal,  and  radiation  stresses  as  a  combined 
environment.  Ten  fuels  and  six  lubricants  were  chosen  which 
showed  the  best  performance.  Sufficient  data  were  accumu¬ 
lated  to  show  that  a  number  of  these  products  will  operate 
satisfactorily  at  radiation  doses  of  at  least  10^^  ergs /gram 
carbon.  These  materials  are  suggested  as  the  most  satisfac¬ 
tory  of  those  evaluated  for  use  in  a  nuclear-propelled  aircraft. 

INTRODUCTION 

The  increasing  use  of  nuclear  reactors  as  mobile  power  sources 
emphasizes  the  problem  of  radiation- induced  damage  to  organic  materi¬ 
als.  This  damage  may  be  minimized  with  adequate  shielding.  However, 
the  high  cost  of  this  shielding,  together  with  attendant  weight  penalties, 
requires  the  development  of  materials  that  perform  well  in  a  radiation 
environment. 

Reactors,  both  stationary  and  mobile,  require  hydraulic  fluids  and 
lubricants  that  are  not  adversely  affected  by  radiation.  In  addition. 
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nuclear-powered  aircraft  will  require  support  fuels .  Programs  to  devel¬ 
op  these  materials  supplement  each  other  by  supplying  information  needed 
for  the  design  of  nuclear-powered  equipment  from  the  submarine  below 
the  sea  to  the  satellite  in  space. 

In  particular,  the  Air  Force  has  requirements  for  fuels  and  lubri¬ 
cants  that  must  operate  in  the  combined  environments  of  radiation  and 
high  temperature.  As  a  consequence,  these  substances  must  be  consid¬ 
ered  as  engineering  materials  since  they  influence  the  design  of  the  com¬ 
ponents  and  machinery  in  which  they  are  to  function.  This,  in  turn, 
means  that  engineering  data  for  these  materials  in  a  radiation  environ¬ 
ment  must  be  obtained  for  presently  available  specimens  and  also  for  new 
samples  as  they  are  developed. 

The  purpose  of  this  study  is  to  evaluate  the  performance  of  fuels 
and  lubricants  in  dynamic  test  machinery  operating  in  a  radiation  environ¬ 
ment.  This  permits  the  choice  of  materials  showing  the  best  behavior 
and  should  lead  to  the  requirements  necessary  for  good  performance  and 
subsequent  specification  criteria. 

Fuels  and  lubricants  submitted  by  Wright  Air  Development  Center 
were  evaluated  according  to  the  appropriate  specification  tests  listed  in 
Table  I.  If  the  fuels  or  lubricants  were  found  satisfactory  after  specifi¬ 
cation  tests,  they  were  tested  in  the  applicable  mechanical  equipment. 
Table  II.  Where  performance  was  adequate  in  the  laboratory,  they  were 
run  in  the  duplicate  rig  in  the  radiation  cell.  Bench  tests  were  used  to 
evaluate  radiation-induced  damage  in  the  materials,  both  with  static 
irradiation  alone,  and  also  after  dynamic  tests  performed  with  and  with¬ 
out  radiation. 

This  paper  summarizes  the  results  obtained  from  the  evaluation  of 
79  fuels  and  41  lubricants.  ^ 

EXPERIMENTAL 
A.  Laboratory  Evaluation 

The  laboratory  evaluation  of  fuels  and  lubricants  was  conducted  in 
accordance  with  appropriate  specifications,  Table  1.  Samples  were  ob¬ 
tained  from  Wright  Air  Development  Center,  from  statically  irradiated 
materials,  and  from  the  test  rigs  operating  both  in  and  out  of  the  radia¬ 
tion  environment. 
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B. 


Mechamcal  Evaluation 


The  mechanical  test  systems  used  in  the  evaluation  of  fuels  and 
lubricants  were:  (1)  The  CFR  Fuel  Coker;  (2)  The  WADC  Deposition 
Tester;  and  (3)  The  Model  C  Panel  Coker.  Two  each  of  these  machines 
were  used,  one  in  the  radiation  environment.  Wherever  possible,  the 
modifications  of  test  systems  were  kept  to  a  minimum  as  governed  by  the 
desired  radiation  levels  and  the  need  to  maintain  correlation  with  other 
investigators.  The  test  machinery  and  operation  are  discussed  in  detail 
by  Fainman,  et  al.  ^ 

C.  Dosimetry 


Radiant  energy  was  provided  by  a  50,  145  curie  Cobedt  60  source 
positioned  in  the  test  cell  on  an  elevating  mechanism.  When  not  in  use  it 
was  lowered  into  a  well  under  22  feet  of  water.  The  radiation  emitted  by 
the  decay  of  Cobalt  60  consists  of  a  0.  3  Mev  beta  particle  followed  by  two 
gamma  photons  of  energy  1. 33  Mev  and  1.  17  Mev  in  cascade. 

The  basic  dosimetry  instrument  is  an  Oak  Ridge  type  grapMte  CO2 
ionization  chamber  modified  for  the  energy  range  of  Cobalt  60.^  Ferrous- 
ferric  chemical  dosimetry  was  used  to  supplement  the  ionization  chamber. 
All  dosimetry  measurements  were  based  on  absorbed  energy  in  terms  of 
ergs  per  gram  carbon  (1  roentgen  =  87.1  ergs  per  gram  carbon). 

Isodose  maps  of  the  cell  were  made  for  reference  purposes.  A  plot 
taken  through  the  vertical  midplane,  front  view, is  shown  in  Figure  1.  The 
placement  of  heavy  test  machinery  in  the  cell  altered  the  isodose  lines. 

As  a  consequence,  the  dose  rates  on  the  dynamic  test  equipment  were 
determined  individually,  using  both  the  graphite  CO2  ionization  chamber 
and  the  ferric-ferrous  method.  ^  The  maximum  dose  rate  observed  for 
the  test  machines  was  approximately  5  x  10^  ergs  per  gram  carbon. 

RESULTS 

This  study  covers  the  investigation  of  79  fuels  and  41  lubricants. 

The  results  of  specification  tests  and  mechanical  evaluation,  both  with 
and  without  the  presence  of  radiation,  are  reported  in  detail  by  Fainman, 
et  al.  ^ 

Results  obtained  clearly  indicate  that  it  is  necessary  to  assess  the 
effects  of  mechanical,  thermal,  and  radiation  stresses  simultaneously. 

It  has  been  observed  that  mechanical  tests  in  a  radiation  environment 
often  affect  materials  more  drastically  and  at  lower  doses  of  radiation 
than  the  same  tests  conducted  with  statically  irradiated  samples  without 
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attendant  radiation.  Relative  ratings  of  10  of  the  most  promising  fuels 
and  6  lubricants  with  the  best  performance  characteristics  are  listed 
below. 

A.  Fuels 


Fuel  properties  show  little  change  with  static  radiation  up  to  doses 
of  10®  ergs /gram  carbon.  Hov/ever,  with  doses  beyond  10^  ergs /gram 
carbon  changes  in  some  parameters  such  as  flash  point,  initial  boiling 
point,  gum,  and  viscosity  at  -30°F  become  evident.  Individual  fuels 
behave  differently,  but  at  higher  doses  the  flash  point,  initial  boiling 
point,  amd  viscosity  at  -30°F  will  usually  decrease,  while  the  gum  con¬ 
tent  will  increase. 

Relative  performance  of  fuels  under  normal  conditions  and  in  a 
radiation  environment  were  determined  with  the  CFR  Fuel  Coker.  Many 
fuels  were  preirradiated  and  tested  in  a  conventional  environment.  This 
preirradiation  and  subsequent  mechaniczil  evaluation  often  indicated  an 
improvement  or  no  change  in  the  relative  fuels  rating.  The  same  evalu¬ 
ation  conducted  in  a  radiation  environment  indicated  a  decrease  in  good¬ 
ness  rating  or  a  rapid  failure.  For  some  fuels  these  failures  have  been 
associated  with  observed  precipitate  formation  during  or  after  static 
irradiation.  Comparison  of  the  results  of  mechanical  evaluation  with 
specification  tests  at  various  dose  levels  indicate  that  determining  the 
effect  of  radiation  alone  on  fuel  properties  is  not  sufficient  to  predict 
future  performance. 

Ten  fuels  were  chosen  from  those  studied  as  showing  the  least 
change  in  performance  and,  thus,  the  most  promise  for  application  for 
use  with  an  airborne  reactor.  The  following  criteria  for  the  CFR  Fuel 
Coker  were  applied  in  this  selection: 

(1)  In  the  screening  test,  the  increase  in  differentiaJL  pressure 

shall  not  exceed  11.5  inches  of  mercury. 

(2)  In  mechanical  evaluation  in  a  radiation  environment,  the 

preheater  rating  shall  not  exceed  Code  2. 

Table  III  lists  the  fuels  meeting  these  requirements.  They  are 
tabulated  in  order  of  the  increasing  differentiail  pressure  observed  with 
mechanical  evaluation  in  a  radiation  environment. 

The  maximum  dose  rate  to  which  the  fuels  were  exposed  in  the  test 
rig  was  5  x  10^  ergs /gram  carbon.  Relative  behavior  was  assessed  at 
approximately  10®  ergs /gram  carbon,  since  this  represents  the  average 
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accumulated  dose  obtained  without  extensive  preirradiation  of  the  fuel 
samples.  Additional  tests  with  preirradiation  indicate  that  these  fuels 
should  perform  satisfactorily  up  to  doses  of  10^®  ergs /gram  carbon. 

B .  Lubricants 

Lubricants  show  no  significant  changes  in  physical  properties  upon 
static  radiation  until  a  dose  of  about  10^  ergs /gram  carbon  is  reached. 
When  this  dose  is  exceeded,  the  flash  point  and  viscosity  will  generally 
decrease,  while  the  neutralization  number,  the  tendency  toward  metal 
corrosion,  and  the  deposit  forming  tendency  will  usually  increase. 

Lubricants  were  mechanically  evaluated  with  the  Model  C  Panel 
Coker  and  the  WADC  Deposition  Tester,  both  with  and  without  the  pres¬ 
ence  of  gamma  radiation.  Results  of  preirradiation  and  subsequent 
mechanical  evaluation  generally  indicated  less  coke  and  sludge  formation 
than  observed  with  comparable  runs  in  a  radiation  environment.  Speci¬ 
fication  tests  at  various  gamma  doses  indicate  a  possible  correlation  with 
mechanical  evaluation  results;  however,  considerable  work  will  be  neces¬ 
sary  to  establish  this.  The  mechanical  evaluation  in  a  radiation  environ¬ 
ment  revealed  no  general  behavior  trend;  however,  individual  lubricants 
yield  definite  repeatable  behavior  patterns.  With  additional  work  it  may 
be  possible  to  predict  engine  performance  from  specification  and  mechani¬ 
cal  test  data. 

Six  lubricants  were  selected  which  performed  well  in  a  radiation 
environment.  Oils  were  first  chosen  which  gave  less  than  80  mg  of 
deposits  at  both  600°F  and  700°F  in  the  Model  C  Panel  Coker.  A  second 
group  was  chosen  with  deposition  numbers  of  less  than  5.  0  in  the  WADC 
Deposition  Tester.  Oils  common  to  both  groups  were  then  arranged  in 
order  of  increasing  Deposition  Number  at  the  lowest  level  of  total  radia¬ 
tion,  which  was  approximately  10®  ergs/gm  carbon.  The  relative  rating 
of  these  lubricants  is  given  in  Table  IV. 

The  maximum  dose  rate  to  which  the  lubricamts  were  exposed  was 
3  X  10^  ergs/gm  carbon.  Relative  performance  is  at  an  approximate 
radiation  dose  of  10®  ergs/gm  carbon,  since  that  is  the  dose  on  the  WADC 
Deposition  Tester  without  preirradiation.  Additional  tests  on  preirradi¬ 
ated  lubricant  samples  indicate  these  materials  should  be  satisfactory  at 
doses  approaching  10^®  ergs/gm  carbon. 
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CONCLUSIONS 


The  results  of  this  study  clearly  demonstrate  that  it  is  necessary 
to  evaluate  the  fuels  and  lubricants  for  use  with  an  airborne  reactor  in  a 
combined  environment.  Ten  fuels  and  six  lubricants  performed  well  in 
dynamic  test  machinery  operating  in  a  radiation  enviroiunent.  Dose  rates 
approached  5  x  10^  ergs/gram  carbon,  while  the  total  dose  on  many  of 
these  materials  was  as  high  as  10^®  ergs/gm  carbon  (including  preirradi¬ 
ation).  These  fuels  and  lubricants  should  be  satisfactory  for  use  in  a 
nuclear-propelled  aircraft. 

No  general  trends  of  the  effect  of  radiation  on  fuels  or  lubricants 
is  evident.  However,  as  pertinent  data  is  obtained,  it  should  be  possible 
to  establish  criteria  for  specifications  covering  the  materials  to  be  used 
in  a  radiation  environment. 
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TABLE  I 


SPECIFICATIONS  FOR  FUELS  HYDRAULIC  FLUIDS  AND  LUBRICANTS 


Specification 

Title 

MIL-F-5624C 

Fuels,  Aircraft  Turbine  and  Jet 

Engine  Grades  JP-3,  JP-4,  JP-5 

MIL-F-25656 

Grade  JP-6  Turbojet  Fuel 

MIL-F-25558 

Ramjet  Fuel 

MIL-F-25576 

Rocket  Fuel  RP-  1 

MIL-G-3278 

Greases:  Aircraft  and  Instruments 
(For  low  and  high  temperature) 

MIL-G-25013A 

Grease,  Ball  and  Roller  Bearing,  Extreme 
High  Temperature 

MIL-H-8446A 

Hydraulic  Fluid,  Nonpetroleum  Base, 
Aircraft 

MIL-O-6081B 

Oil,  Lubricating,  Jet  Engine 

MIL-L-6082 

Lubricating  Oil,  Aircraft  Reciprocating 
Engine 

MIL-L-7808C 

Lubricating  Oil,  Aircraift  Turbine 

Engine  Synthetic  Base 

MIL-L-9236A 

Lubricating  Oil,  Aircraft  Turbine 

Engine,  High  Temperature 

MIL-L-25336 

Lubricating  Oil,  Aircraft  Turbine 

Engine,  High  Film  Strength,  Synthetic  Base 

MIL-H-5606A 

Hydraulic  Fluid,  Petroleum  Base,  Aircraft 
and  Ordnance 

8 


a 

n 

g 


§ 

V 

I 

o 

01 

4) 

Q 


h 

+» 

U 

B 

o 

e 

•a 

o 

■a 

o 

<B 

4) 


4) 

<4 

4) 

4) 

l-i 

O. 

« 

A 

H 


h 

4} 

tJ 

a 

•a 

H 

4> 

Oi 


M 

o 

n) 

h 


•s 


M 

p.:u 

«  o 

u  d) 

^  0> 
M  ••>! 

§  s 

E  o 


o 

«;! 

0) 

(0 

41 

M 

U 

44 

«  o 

d 

d  2 

0) 

0) 

g 

0) 

0) 

0) 

u 

d  d  • 

•q  .3^ 

4>  ,:5 

Pi,  o 

o  ^  “ 

^  «  rS 
«»  2 
+*  +>  g 
® 

«  J5  -rt 

^  H  t3 

O  -fi  nt 
4)  ,J4  "a 

tt  «> 

«  rt  h 

U  „ 

g  4)  h 

o 

rt  « 

®  t:  -js 

g  as 


I 

4> 

"d 


a 

o 

'■d  t-J 
(4  O 

"S 

fj  -y 
4)  d 

E  o 

3  o 
h  4) 


o 

E 


2  c4  O 

I  g-^ 
?  «  .§ 
tJ 

4)  H  5 
”*  p 

.  o 

*  s. 

00^ 
m  c4  '3 

01  E  • 

•H  ni 

M  'O 

5 

c  '*3 

6  ^  « 

111 


0) 

;a 


o 

E 

Q> 


4) 

m 


“ 

O  "7 

in  Vi 

•S  S 

4)  a 
*i  4> 

Cd  4-> 

^  “i 

>  'S  « 
o  rt  «« 

H  «M  o 


•«n 

d 

jn  -d 

<4  d 

»  "* 
to 

®  >. 
(4  d 
d  > 

a  'm 

>  o 

4>  Vi 

£  ° 
H  o 


tK 

V 

TJ 

d 

41 

+J 

(30 

d 

•»H  • 

QO  -tJ 

1  ° 
d  vi 
01  O 


00 

I  :s 

o  d 
«  d 


41 

+J 

(4 

d 

13 

> 

41 

O 

H 


O  01 

d  ^ 
d  u 
41  -M 
•d  Vi 
d  J3 
?>  f? 


41 

d 

;a 

d 


Oi 

h 

O  Ph  O 


u 

41 

X 

O 


d 

o 

■a 


o 

Q 

C 


U)  0) 
O 

p4  0) 

a>  0) 
P  H 


Vi 

41 

JC 

u  O 

d  r-t 

•S  « 
o  S 
2  A 


9 


10 


o 

S 

I 

4) 

00 

o 


4) 

Oi 

•d 

4J 

rt 

n) 

oi 


04 -r; 


M 

O  « 

p,  H 

4> 

Q 


n 

o 

ii 

•M  •!-» 

m  to 
O  4) 
PU  H 
4) 

p 


\D 

t- 

QO 

m 

\0 

CM 

Tj« 

• 

• 

• 

• 

• 

• 

rH 

M 

(M 

fO 

CO 

CM 

CO 

CM 

CM 

• 

• 

• 

• 

• 

t 

00 

•—4 

00 

>D 

t^ 

CM 

(M 

CM 

CM 

sO 

CM 

1^ 

CO 

sO 

o 

t- 

• 

• 

• 

1 

• 

• 

M* 

m 

CM 

o 

t^ 

rH 

CM 

CO 

00 

rH 

O' 

o 

o 

m 

'O 

sO 

00 

CM 

1^ 

m 

• 

• 

• 

• 

• 

» 

fO 

o 

CM 

■<1' 

CM 

nO 

nO 

'O 

in 

00 

• 

« 

• 

• 

• 

CM 

m 

rvi 

c^ 

CM 

in 

CM 

fO 

CO 

h- 

r- 

■ 

t^ 

o 

in 

vO 

1  • 
nO 

CM 

p-4 

'<4' 

r;J  & 

u 

Vi 

u 

o 

u 

>> 

to 

u 

O  H 

a> 

V 

«) 

4-» 

V 

4-» 

m 

tt 

« 

o 

m 

iA 

u 

» 

04 

» 

o 


O  O'  00 

00  t-  r- 


o 

t~  t- 


4) 


^  O 

O  fU 


0) 

> 

•0 

n) 

0) 

o: 


oi 


«M  tn 


Tt<  m  vx> 


U 


Butene) 


loesi  —  o 
UOOlii  BAOeV  IBBB  Nl  1H9I3H 


12 


OtSTANCE  IN  FEET  FROM  MIOUNE 


THE  DEVELOPflENT  OF  NUCLEAR  RADIATION  RESISTANT 
SOLID  FILM  LUKtICANTS 

by 


William  L.  R.  Rice  and 
William  L.  Cox,  l/Lt,  USAF 

Materials  Laboratory 
Wright  Air  Development  Center 


The  effect  of  radiation  on  solid  film  lubricants  is  dis¬ 
cussed.  Data  on  wear  life,  corrosion  resistance,  fluid  resist¬ 
ance,  and  thermal  stability  are  reported  for  twelve  films. 
Exposures  were  conducted  in  the  presence  of  both  gamma  and 
neutron  irradiations.  In  general,  little  change  was  noted  in 
the  film  performance  indicating  stability  of  the  films. 


Introduction 


Nuclear  radiation  resistant  lubricants  are  of  major  importance 
to  the  development  of  nuclear  powered  weapon  systems.  The  divided 
shield  concept  for  manned  aircraft,  for  example,  has  resulted  in 
greatly  increased  radiation  levels  in  the  zone  between  the  reactor 
shield  and  the  crew  shield.  This  radiation  intensity  is  unique  to 
flight  vehicles,  since  it  is  only  in  systems  operating  off  the  sur¬ 
face  of  the  earth  or  out  of  the  oceans  that  weight  is  so  critical, 
with  the  resultant  reduction  in  shield  weights  to  minimum  values. 

A  great  deal  of  research  has  been  conducted  and  is  currently 
in  progress  with  the  intent  of  developing  radiation  resistant  lubri¬ 
cating  oils,  greases,  hydraulic  fluids,  and  related  materials.  This 
research  has  resulted  in  the  development  of  outstanding  materials, 
chief  among  them  being  the  unsubstituted  polyphenyl  ethers.  How¬ 
ever,  it  appears  at  present  that  there  is  little  possibility  of 
developing  organic  fluids  capable  of  extended  operation  for  temper¬ 
atures  much  above  the  range  of  SOOop  to'  900oy,  unless  one  is  willing 
to  use  materials  of  exceptionally  high  melting  point  and  resultant 
limited  low  temperature  useability. 

Among  the  more  interesting  possibilities  for  lubrication  at 
extended  teiq>erature8  are  the  solid  film  lubricants.  These  lubri¬ 
cants  consist  in  general  of  a  finely  divided  solid  material,  such 
as  graphite  or  molybdenum  disulfide,  affixed  to  the  bearing  sur¬ 
face  by  a  resin  bonding  agent.  Details  of  past  work  on  solid  film 
lubricants  in  non-nuclear  environments  are  presented  in  many  excel¬ 
lent  references  (JL,  2,  6,  and  11), 

The  advantages  of  solid  film  lubricants  are  manyfold.  They 
are  independent  of  temperature,  up  to  the  decomposition  point, 
since  there  need  be  no  consideration  of  melting  point  or  limiting 
viscosities.  They  require  no  maintenance,  since  thqy  are  expected 
to  remain  functional  during  the  normal  operational  lifetime  of  the 
bearing  surface.  And,  quite  important  for  applications  in  the 
presence  of  nuclear  radiation,  the  binder  and  the  dispersed  mate¬ 
rial  would  be  expected  to  show  resistance  to  radiation  effects  to 
higher  dosage  levels  than  organic  fluids. 

The  development  efforts  discussed  herein  represent  the  first 
phase  in  the  Air  Force  program  to  assess  the  potentialities  of 
solid  film  lubricants  for  use  in  nuclear  powered  systems. 


Manuscript  released  by  authors  9  September  193^  publication  as 
a  WADC  Technical  Report. 
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liTaluattoa  Criteria 


In  the  past  efforts  on  the  development  of  solid  film  lubricants 
many  and  varied  criteria  were  established,  depending  on  the  expected 
end  item  use.  Air  Force  requirements  for  solid  film  lubricants  are 
reflected  in  the  provisions  of  Specification  MIL-L-25304.  This  spec 
ification  establishes  the  minimum  performance  and  testing  require¬ 
ments  for  a  bonded,  solid  film  lubricant  applied  to  the  surface  of 
parts  used  in  aircraft  and  missiles  to  reduce  wear  and  prevent 
galling  and  seizure.  The  test  provisi(xi8  of  this  specification  are 
given  in  Appendix  I.  The  solvent  resistance,  corrosion  resistance, 
and  thermal  stability  studies  reported  in  Tables  I,  II,  and  III 
were  perfonned  in  accordance  with  these  specification  methods. 

The  moat  Interesting  consideration  in  the  use  of  a  solid  film 
lubricant  is  its  wear  life.  Many  devices  have  been  used  to  measure 
the  frictional  characteristics  of  solid  film  coated  surfaces.  One 
such  machine,  the  Falex  Wear  Tester,  had  its  inception  in  studies 
of  lubricating  oils.  This  machine  has  been  extensively  used  in 
evaluation  of  solid  film  lubricants.  Details  of  operation  are 
given  in  references  and  (10),  Tables  IV  and  V  give  data 
obtained  through  use  of  this  machine.  Table  VI  gives  wear-life 
data  using  a  Midwest  Research  Institute  friction  tester,  details 
of  which  are  outlined  in  reference  (8),  Wear  life  data  for  Table 
VII  are  based  on  the  Hartmann -Modified  MacMillan  machine. 

Requirements  for  film  performance  under  Speeifiuation  MIL-L- 
2550k  (USAF)  are  outlined  in  Appendix  I.  Unless  special  environ¬ 
mental  teats  are  conducted,  most  laboratory  evaluation  at  the 
Wright  Air  Development  Center  is  now  conducted  in  accordance  with 
said  requirements. 

Irradiation  of  Samples 

Details  of  the  irradiation  history  of  the  Falex  sets  and  coated 
panels  are  given  in  Appendix  II.  Dosimetry  values  for  gasma  expo¬ 
sures  in  the  MTR  gamma  canal  are  reported  in  roentgens.  The  roent¬ 
gen  values  have  been  ccmverted  to  the  basis  of  ergs  per  gram  carbon, 
as  recommended  by  reference  (4)*  assumed  that  one  roentgen 

is  equivalent  to  87. 1  ergs  per  gram  carbon. 

The  gasma  irradiation  facility  at  the  MTR  is  under  some  twenty 
feet  of  water  for  shielding  purposes.  Occasionally,  an  irradiation 
canister  leaks  due  to  a  defective  lead  seal.  Samples  of  coated 
panels  for  several  coatings  were  contaminated  due  to  such  water 
leakage.  There  are  many  places  in  Tables  I,  II,  and  III  where  data 
could  not  be  obtained  due  to  panels  ruined  in  this  manner. 
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Lttbrleaat  Gompoaltion 


The  materials  used  in  this  preliminary  study  were  from  eonmer- 
eial  sources.  Composition  of  the  binder  or  dispersed  solids  is 
unknown  for  all  lubricants.  It  was  thus  deemed  adrisable  to  code 
all  lubricants  used,  since  compositions  were  unknown  anyway.  No 
solid  film  lubricant  compounded  to  date  has  been  specifically 
designed  for  use  in  a  nuclear  radiation  environment.  Thus,  the 
coding  serres  to  avoid  comparison  of  materials  subjected  to  e<»i« 
ditions  for  which  they  wears  not  designed. 

Other  concepts  have  arisen  in  lubrication  by  solid  surfaces 
that  do  not  depend  on  bonding  materials  to  the  surface.  One  idea 
Is  that  of  incorporating  a  lubricating  material  (graphite  or 
molybdenum  disulfide)  in  a  sintered  metal  matrix  and  using  this 
oonposition  as  a  self •lubricating  medium.  Another  type  of  mate* 
rial  is  one  of  a  relatively  high  carbon  content  metal  alloy  of 
self •lubricating  characteristics.  While  not  directly  related  to 
the  purposes  of  this  report,  data  on  such  materials  might  be  of 
certain  related  interest.  Therefore,  Appendix  III  presents  data 
on  a  sintered  metal  product  and  Appendix  I?  discusses  a  brief  study 
made  of  a  series  of  self •lubricating  metal  alloys. 

Performance  of  Irradiated  Solid  Film  Lubricants 

The  reaction  of  the  irradiated  films  under  a  number  of  external 
environments  and  their  ability  to  lubricate  under  load  were  con¬ 
sidered  as  indices  of  the  performance  of  the  films.  The  film 
reaction  to  immersion  in  potential  solvents,  to  the  corrosive  effects 
of  salt  spray,  and  to  wide  variation  in  temperature  are  shown  in 
detail  in  the  tables  of  data.  The  picture,  based  on  this  series  of 
evaluations,  is  as  followst 

The  fluid  resistance  teats  performed  on  the  irradiated  solid 
film  coated  panels,  while  of  a  somewhat  qualitative  nature,  were 
nevertheless  conclusive.  It  was  observed,  in  general,  that  if  a 
coated  panel  showed  good  resistance  to  solvent  action  prior  to 
irradiation,  it  could  be  expected  to  show  the  same  relative  resist^ 
ance  subsequent  to  irradiation.  Also,  panels  of  exceedingly  poor 
solvent  resistance  could  not  be  expected  to  improve  with  exposure 
to  radiation. 

In  only  one  instance  was  an  irradiated  panel  corroded  to  a 
greater  extent  than  the  uncoated  anodized  panel.  Other  than  that, 
the  radiation  appeared  to  have  little  detrimental  effect  on  those 
panels  that  had  good  initial  resistance  to  the  salt  spray.  Salt 
spray  corrosioa  would  not  appear  to  be  increased,  therefore,  as  a 
result  of  irradiation. 
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The  same  coooluslons  oould  be  reached  for  the  eoated  panels 
subjected  to  or  60CP7  as  were  reached  for  the  fluid  resistance 

data.  If  a  composition  had  good  Initial  properties,  radiation  did 
not  change  them  seriously.  If  a  composition  did  not  show  resistance 
to  thermal  extremes  prior  to  Irradiation,  then  little  Improreinent, 

If  any,  oould  be  expected  as  a  result  of  exposure. 

The  major  function  of  these  films  Is  to  reduce  or  prevent  wear 
of  rubbing  surfaces.  The  geometry  of  the  specimens  used  In  the 
Falex  tester  offers  a  simple  and  qualitative  approach  to  eoniparlson 
of  pre-lrradlatlon  and  post 'Irradiation  effects. 

Interpretation  of  the  Falex  wear  life  of  the  Irradiated  com¬ 
positions  was  complicated  by  an  error  aa  the  part  of  the  operators. 
The  runs  were  to  have  been  at  230  pounds  applied  load,  but  many  were 
conducted  at  355  pounds,  which  explains  the  lack  of  control  In  many 
Instances. 

Figure  1  shows  the  results  of  testing  of  film  A.  The  neutron 
and  gamma  Irradiation  data  are  shown  on  the  same  figure  for  conven¬ 
ience  only.  The  data  points  are  not  to  be  considered  as  being  at 
equivalent  dosages  on  an  absorbed  energy  basis.  Falex  life  was 
apparently  better  for  the  samples  tested  at  250  pounds  after  neutron 
exposure  and  showed  a  slight  decrease  for  the  355  pound  Jaw  load. 

The  same  general  trend  was  observed  for  the  gamma  irradiated  pins, 
but  the  scatter  la  so  great  that  further  testing  would  be  necessary 
to  verify  this  point. 

In  Figure  2,  it  is  seen  that  film  C  shewed  apparent  improve¬ 
ment  as  a  result  of  reactor  irradiation,  while  the  gamma  exposures 
were  detrimental.  Film  B  showed  greater  wear  life  after  neutron 
exposure  and  apparently  some  improvement  with  gamma  irradiation. 
However,  the  low  wear  life  for  the  irradiation  at  8.71  x  10^^  ergs/ 
ga  C  caste  some  doubt  on  the  effects  of  the  gamma  radiation. 

Film  D  unfortunately  had  no  control  data  run,  but  appears  to 
Improve  with  ganma  exposure.  Wear  life  after  neutron  Irradiation 
Is  questionable. 

Film  Q,  as  shown  in  Figure  3,  displayed  improvement  with  gaama 
Irradiation.  There  Is  no  control  point  for  the  wear  life  at  353 
pounds,  but  it  would  appear  that  reactor  Irradiation  also  Improves 
the  wear  life  for  this  lubricant. 

Film  H  had  considerable  scatter  in  wear  life  data  points,  as 
shown  In  Figure  3.  It  is  apparent,  however,  that  expoeure  to 
radiation  was  undoubtedly  harmful  to  the  wear  life  characteristics 
of  this  film. 
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FIGURE  I.  FALEX  WEAR  LIFE  OF  SOLID  FILM 


EXPOSURE)  250  POUND  LOAD 
H  EXP0SURE)250  POUND  LOAD 


FIGURE  2.  FALEX  WEAR  LIFE  OF  SOLID  FILMS  B,  C,  AND  D 
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It  ia  Intarestlng  to  note  that  film  E,  which  was  exposed  only 
to  gamna  radiation  (Table  V).  had  very  poor  wear  life  both  for  the 
control  and  for  the  dosages  up  to  2.61  z  10^^  ergs/^u  C.  At  this 
level,  the  film  displayed  a  very  remarkable  inqprovement  in  wear 
life,  comparatively  speaking. 

Film  F  was  poor  in  wear  life  both  for  the  control  and  for  all 
dosages  of  gamma  radiation,  as  shown  in  Table  T. 

Based  on  the  data  obtained,  two  facts  became  apparent.  First, 
it  is  entirely  possible  that  exposure  to  nuclear  radiation  could 
isgtrove  the  lubricating  characteristics  of  solid  film  lubricants, 
at  least  as  indicated  by  the  Falex  Teeter  at  ambient  teiqperature. 
Secondly,  conqposltions  of  superior  wear  life  under  non-nuclear 
environments  would  probably  be  preferable  for  use  in  a  radiatiooi 
field,  since  one  would  have  no  reason  to  believe  that  relatively 
poorer  films  would  have  superior  radiation  resistance. 

Figure  4  shows  data  for  solid  film  wear  life  at  4^^^  snd 
55^ f  following  exposure  to  gamma  radiation  (8).  As  could  be 
expected,  the  wear  life  at  the  higher  tenperature  is  considerably 
reduced.  The  general  trend  is  to  an  improvement  in  wear  life  or 
at  least  relatively  little  change.  The  only  exception  is  film  D, 
which  showed  a  remarkable  drop  in  li00f>T  stability  but  little  change 
in  wear  life  at  The  reason  for  this  difference  is  not 

apparent.  It  was  postulated  by  the  experimenter,  reference  (§), 
that  this  difference  might  be  due  to  different  stress  concentration 
relief  at  the  higher  temperature.  If  so,  this  is  a  strong  function 
of  the  film  composition,  since  film  I  showed  a  marked  improvement 
with  irradiation  in  the  ^^0CPF  evaluation. 

Further  data  will  be  published  by  the  Midwest  Research 
Institute  on  similar  tests  conducted  on  neutron  irradiated  sam¬ 
ples. 

Conclusions  and  Future  Plans 

Based  on  the  preliminary  data  thus  far,  it  becomes  evident  that 
there  is  great  promise  for  using  solid  film  lubricants  at  extended 
temperatures  and  in  the  presence  of  nuclear  radiation. 

Studies  to  date  have  been  mainly  devoted  to  evaluation  of  the 
properties  of  oommeroial  products  of  unknown  coopoeition.  Research 
in  the  future  will  be  limited  mainly  to  use  of  known  resin  binders 
and  specified  lubricants  and  lubricant  to  binder  ratios. 
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Work  on  stability  of  glass  laminates  to  nuclear  radiation  has 
indicated  a  vexy  interesting  trend.  Certain  phenolic  resins  hare 
actually  ebovn  inqproTsment  when  irradiated  at  30O0F  in  the  presence 
of  gamma  radiation  as  oooqpared  to  the  control  held  at  the  same  tem¬ 
perature  for  the  same  time.  They  have  also  shown  the  highest  sta¬ 
bility  to  gamma  radiation  of  the  various  resin  types.  Thus,  the 
phenolics  will  receive  major  attention  as  binder  materials  for  low 
temperature  films. 

Unlike  other  lubricant  compositions,  the  solid  film  lubricants 
have  a  different  reaction  to  reactor  radiation.  Since  the  binder 
and  lubricant  are  in  the  solid  form  rather  than  liquid,  solid  state 
radiation  effects  become  of  importance.  It  is  therefore  planned  to 
devote  considerable  effort  to  the  study  of  reactor  irradiation  on 
the  graphite  used  in  solid  film  lubricants  in  order  to  determine 
the  effect  on  the  lubricity  characteristics.  Also  to  be  studied 
will  be  the  effect  of  reactor  irradiation  at  temperature,  to  find 
the  rate  of  defect  annealment,  if  any,  and  its  influence  on  lubric¬ 
ity  oharaoteristica. 

Frcm  planned  work  on  binder  materials  and  lubricating  addi¬ 
tives,  solid  film  lubricant  fomulations  will  be  studied  for 
resistance  to  nuclear  radiation.  Based  on  knowledge  obtained  to 
date,  it  is  felt  that  a  substantial  increase  will  be  made  in  the 
stability  of  solid  film  lubricants  to  nuclear  radiation. 
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TiBIS  I.  FLUID  KESSISTillCaE  OF  IRiUOUTED  SOLID  FIUI  00A.TED  ALDIcmOK  PANELS  (ADHESIOV  TEST)  (Contimad) 
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TABLE  VII.  EVAUJATION  OF  SOLID  FILM  UJBRICANTS  IN  THE  PRESENCE  OF  GAMMi  RADIATION 
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▲FEENDIX  I 


SFBCIFICATION  MIL*L -25504  (USAF) 


mil-l-25504(usaf) 
15  January  1957 


MIIJTABY  SPECIFICATION 
LDBRICANT,  SOLID  FIIK 


1.  SCOPE 

1.1  Thia  apaelflcation  eatabllahea  the  minimum  performanoe  and 
teating  raquirementa  for  a  bonded,  aolid-film  lubricant  applied  to  the 
aiirfaee  of  parta  uaed  in  aircraft  and  miaailea  to  reduce  wear  and 
preTent  galling  and  aeizure. 

2.  APPLICABLE  DOCUMENTS 


2.1  The  following  documenta,  of  the  iaaue  in  effect  on  date  of 
inritation  for  bida,  form  a  part  of  thia  apecificationi 

SPECIFICATIONS 


federal 

Q,Q.~A-353  Aluminum  Alloy  (2024)*  Plate  and  Sheet 

Q,(i>M-151  Metala;  General  Specification  for  In- 

apeotion  of 


Military 

JAN -P-127 

MIL-H-3136 

MIL-O-5606 

MIL-L-7608 

MIL-L-7870 

MIL-H-8446 

MIL-A-8625 

MIL-S -18729 


Packaging  and  Packing  for  OTeraeaa 
Shipment  -  Tape,  Adhesire,  Preaaure- 
Senaitire,  Water-Resistant 
Hydrocarbon -Fluid,  Standard  Teat 
Oil;  Hydraulic,  Aircraft,  Petroleum 
Base 

Lubricating  Oil,  Aircraft  Turbine 
Engine,  Synthetic  Base 
Lubricating  Oil,  General  Purpose,  Lm 
TeiGperature 

Hydraulic  Fluid,  Nonpetroleum  Base, 
Aircraft 

Anodic  Coatings,  For  Aluminum  and 
Aluminum  Alloys 

Steel  Plate,  Sheet,  and  Strip,  Alloy,  4130 
Aircraft  (Quality 


(Copies  of  documents  required  by  contractors  in  connection  with 
specific  procurement  functions  should  be  obtained  from  the  procuring 
aotlTlty  or  as  directed  by  the  contracting  officer.) 
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3.  EEWIREMENTS 

3.1  Qualification.-  The  solid  film  lubricant  furnished  under  this 
specification  shall  be  a  product  which  has  been  tested  and  has  passed  the 
qualification  tests  specified  herein. 

3.2  Mateilals.-  The  materials  shall  be  such  that  the  resulting  film 
shall  meet  all  the  requirements  of  this  specification. 

3.3  Process.-  A  detailed  description  of  the  process  for  application 
and  methods  of  control  of  variables  shall  be  submitted  by  the  contractor 
in  the  fonu  of  a  titled,  numbered,  and  dated  process  specification,  to¬ 
gether  with  the  required  number  of  processed  metal  panels  and  specimens, 
to  the  qualifying  activity  for  approval.  After  approval,  the  process 
specification  shall  fozm  a  part  of  this  specification  and  copies  shall 

be  made  available  by  the  contractor  for  use  by  authorized  Government 
inspectors  at  the  contractor's  plant.  It  shall  be  the  responsibility 
of  the  contractor  to  keep  up-to-date  with  the  changing  requirements 
of  this  specification.  When  a  change  is  made  in  processing,  a  revised 
process  specification  with  amended  code  number  and  new  date  shall  be 
submitted  to  the  qualifying  activity  for  approval.  The  process  specifi¬ 
cation  shall  contain  all  necessary  procedures,  controls,  precautions, 
and  inspection  methods  to  insure  the  satisfactory  application  of  an 
approved  material.  The  process  specification  shall  also  assure  that 
variations  within  the  specified  thickness  of  0.0002  inch  to  0.0005  inch 
shall  be  no  more  than  0.0002  inch,  except  as  indicated  in  3*3*1*^* 

3.4  Appearance.-  The  solid  film  lubricant,  when  tested  in  accordance 
with  4>3*1«  shall  be  uniform  in  color  and  free  from  blisters  or  irregular¬ 
ities  with  no  trace  of  grit,  rough  particles,  nor  separation  of  the  in¬ 
gredients.  Scratches  which  have  penetrated  through  to  the  pretreated 
surface  of  base  material  shall  be  cause  for  rejection. 

3.5  Film  Properties 

3.5«1  Application.-  Application  methods  shall  not  be  limited.  The 
lubricant  shall  be  suitable  for  application  in  a  coating  thickness  of  at 
least  0.0002  inch,  but  no  more  tten  O.OOO5  inch,  except  as  indicated  in 

3.5.I.I- 


3.5. 1.1  Close  Tolerance  Applications.-  On  parts  such  as  nuts,  bolts, 
lock  nuts,  blind  bolts,  turbine  blade  roots,  etc,  where  extreme  coating 
thinness  is  mandatory  and  where  extended  wear  life  is  not  important, 
coating  thinness  may  range  as  low  as  0.0001  inch,  as  specified  by  the 
contractor.  But  for  this  type  of  application,  the  solid  film  lubricant 
material  used  shall  still  perform  acceptably  as  described  in  4*3»6  when 
applied  at  a  thickness  as  prescribed  in  3«5*1  on  the  test  specimens. 
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3.5*2  Xiaximum  Curing  Cycle.-  Xf  the  lubricant  after  application  is 
to  be  cured,  the  film  ahall  be  fully  curable  at  a  maximiB  of  325°^  ^or 
a  maximum  period  of  60  minutes.  The  total  time  at  a  temperature  abore 
275^7  shall  not  exceed  75  minutes.  Determination  of  adequate  curing 
shall  be  in  accordance  with  the  wear  and  friction  test  specified  herein. 

In  production  application  of  approwed  materials,  curing  temperature  will 
be  limited  by  the  effects  of  heat  on  the  prc^erties  of  the  base  material. 

3.5.3  Adhesion.-  The  coating  shall  demonstrate  satisfactory  adhesion 
when  tested  in  accordance  with  4*3*3* 

3*5*4  Kesistanee  Properties 

3*5*4*1  Fluid  Resistance.-  A  coating  of  solid  film  lubricant  shall  be 
ehendeally  stable  when  in  contact  with  fluids  commonly  found  in  aircraft 
and  missiles.  When  tested  as  specified  in  4*3*4*^*  psnels  coated  with  the 
solid  film  lubricant  shall  be  unaffected  after  a  minimum  of  120  hours 
immersion  in  each  of  the  following  fluids i 

a.  Distilled  water 

b*  Hydrocarbon  test  fluid.  Specification  MIL-H-313^*  ^ps  HI 

0.  Hydraulic  fluid.  Specification  MIL-O-5606 

d«  Dloxane  solvent 

e.  Engine  oil.  Specification  MII.-L-7808 

f.  Dow-Corning  silicone  fluid  DC-550(  equal 

g.  Skydrol  500 

h*  Lubricating  oil,  general  purpose.  Specification  MIL-L-7870 

i.  Hydraulic  fluid.  Specification  MIL-H-6448 

3.5*4*2  Corrosion  Resistance.-  When  tested  in  accordance  with  4*3*4*2t 
coatings  of  solid  film  lubricants  shall  not  accelerate  the  corrosion  of 
2024  aluminum.  Specification  Q.<%-A-355t  which  has  been  anodized  in  aecoord- 
ance  with  Specification  KEL-^-8625* 

3*5*5  Thermal  Stability.-  When  tested  in  accordance  with  4*3*5» 
solid  film  lubricant  coatings  shall  not  be  adversely  affected  by  exposure 
to  teiqieratures  in  the  range  of  ~(>5P7  to  ^OOoF. 

3*5*8  Wear  and  Friction  Properties.-  Coatings  of  solid  film  lubricants 
shall  exhibit  satisfactory  lubrication  for  70  hours  when  tested  in  accord¬ 
ance  with  4*3*8.  The  coefficient  of  friction  shall  not  exceed  0,063  after 
initial  burnishing.  An  increase  to  0.1  or  more  during  the  teat  shall  be 
cause  for  rejection. 

3.6  Workmanship*-  The  workmanship  shall  be  in  aoeordance  with  hi|^- 
grade  ccmmercial  practice  for  high  quality  solid  film  lubricants* 

4.  QDALIIT  ASSURANCE  PROYISIONS 

4.1  Classification  of  Tests.-  The  inspection  and  tasting  of  solid 
film  lubricants  shall  be  classified  as  followst 
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a.  ▲eceptance  teats 

b.  C^uallfl  cation  testa 

4*2  Acceptance  Tecta*-  Acceptance  tests  shall  consist  of  sas^linc 
tests  only. 

4*2.1  Sampling  Plan  and  Tests 

4*2. 1*1  Lot.-  For  the  purpose  of  saavUngt  a  lot  shall  be  defined 
as  all  solid  film  lubricant  manufactured  as  one  batch  and  offered  for 
dellTsxy  at  one  time. 

4*2*1*2  Sampling  Plan.-  Unless  otherwise  specified,  a  sample  of 
lubricant  sufficient  to  coat  four  test  panels  (see  4*2. 1*3)  shall  be 
selected  from  each  lot.  The  sample  coated  panels  shall  be  subjected  to 
the  tests  described  In  4*3*^  through  4*3*3*  as  specified. 

4*2. 1.3  Preparation  of  Test  Panels 

4<2.1.3*1  Teat  Panels  for  Appearance  and  Adhesion.-  Three  test 
panels  of  steel,  SAE  413^*  conforming  to  Specification  MIL-S-18729. 
shall  be  prepared  in  accordance  with  Figure  1.  The  panels  shall  be 
fully  coated  in  accordance  with  the  contractor's  approved  process 
specification.  The  panels  shall  be  subjected  first  to  the  appearance 
test  and  then  to  the  adhesion  test. 

4*2*1*3*2  Test  Panel  for  Film  Thickness.-  One  test  panel  shall  be 
prepared  In  accordance  with  4. 2*1. 3*1  with  the  exception  that  the 
lubricant  shall  be  applied  In  a  l-lnch  wide  strip  on  the  surface  of  the 
panel,  centered  along  the  4'lnch  dimension.  The  coated  test  panel  shall 
be  subjected  to  the  test  described  In  4*3 •2, 

4. 2*1*4  Pejectlon  and  Retest*-  When  any  panel  coated  with  a  sample 
of  lubricant  selected  for  acceptance  testing  as  being  representative  of 
a  certain  lot  falls  to  meet  the  requirements  specified  herein,  one 
additional  set  of  panels  shall  be  prepared  and  coated  with  lubricant 
from  the  same  lot*  Failure  of  any  of  the  second  set  of  panels  shall 
be  cause  for  rejection  of  the  lot  represented. 

4*3  Test  Methods 

4*3*1  Appearance  (Visual).-  The  test  panels  prepared  In  accordanoe 
with  4*2. 1.3*1  shall  be  Inspected  and  examined  rlsually  for  ccnpllanee 
with  3.3* 
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TIliekaest  of  paatls  shall 
hs  bstwssn  0.1^  io«  and  O.040  In. 

DIMENSIONS  Di  INCHES 
UNLESS  OTHEWISE  SPECIFIED 
TOLERANCHSi  FBACTIOMS  ♦  1/8 


Fl0irs  1.  Tsst  Pansls 
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4*3«2  Film  Thickness  (Application }.>  The  test  panel  prepared  in 
accordance  with  4*3*1*3*1  shall  be  inspected  for  confonnance  to  3*3*lt 
using  suitable  precision  micrometers  to  measure  the  difference  between  the 
uncoated  portion  of  the  panel  and  the  coated  portion. 

4*3*3  Adhesion.-  The  panels  shall  be  tested  for  adhesion  of  the  film 
to  the  base  material.  A  piece  of  tape  conforming  to  Specification  JAN-F- 
127*  grade  A,  type  I,  shall  be  finuly  pressed  by  hand  onto  the  coated 
sanples.  The  tape  stoll  be  2  inches  squere.  The  tape  shall  be  remored  in 
one  abrupt  stripping  motion  and  examined  visually.  The  presence  of  traces 
of  fine  powdery  material  is  acceptable;  however,  the  presence  of  large  flakes 
shall  be  cause  for  rejection. 

4*3«4  Resistance  Tests 

4*3*4«1  Fluid  Resistance.-  Aluminiua  panels,  as  specified  in  Figure  1* 
coated  in  accordance  with  the  contractor's  process  specification  shall  be 
ismersed  halfway  into  each  of  the  fluids  specified  in  3*5*4*1  For  a  period 
of  120  hours.  The  panels  shall  be  removed,  rinsed  quickly  at  room  tempera¬ 
ture  in  carbon  tetrachloride  or  trichloroethylene,  dried  with  a  blast  of 
clean  dry  air,  and  examined  visually.  Any  ixtdication  of  discoloration 
due  to  corrosion,  lifting,  softening,  or  other  deterioriation  shall  be  cause 
for  rejection.  Each  panel  shall  then  be  subjected  to  the  test  specified 

in  4*3*3« 

4*3*4*2  Corrosion  Resistance.-  Four  aluminum  panels,  as  specified 
in  4*4*1*1*  shall  be  anodized  in  accordance  with  Specification  MEL-A-8625* 

Two  of  these  panels  shall  be  coated  with  the  solid  film  lubricant  in 
accordance  with  the  process  specification.  The  four  panels  shall  be 
subjected  to  the  salt  spray  (fog)  test  outlined  in  Specification  C),Q-M>151 
except  that  the  surface  of  the  test  panels  shall  be  inclined  approzlaately 
from  the  vertical.  The  test  period  shall  be  for  a  minimum  of  240  hours. 
The  four  panels  shall  then  be  inspected  visually  for  signs  of  corrosion. 

The  presence  of  carrosion  on  the  two  uncoated  panels  to  an  extent  greater 
than  a  few  minute,  isolated  pits  shall  necessitate  preparation  of  new 
panels  and  retesting.  Any  evidence  of  more  extensive  attack  on  the  two 
coated  panels  than  that  on  the  two  uncoated  panels  shall  be  cause  for 
rejection.  The  two  coated  panels  shall  then  be  cleaned,  dried,  and 
subjected  to  the  adhesion  test,  4*3*3> 

4*3<>3  Thermal  Stability.-  Steel  test  panels,  as  shown  in  Figure  1, 
shall  be  pretreated  and  coated  on  both  sides  with  the  solid  film  lubricant 
in  accordance  with  the  contractor's  process  specification  and  subjected 
to  the  following  tests. 
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4«3«5*1  High  Temperatara.-  Two  panels  shall  be  placed  in  a  elroulatlng 
air  oren  at  600o  *  IQPV,  The  panels  shall  remain  in  the  oven  for  at  least 
3  hours  and  shall  then  be  remoired  and  allowed  to  cool  slowly  to  room 
temperature.  Any  Tlsual  eTldence  of  blistering,  flaking,  softening,  or 
other  deterioriatlon  of  the  coating  shall  be  cause  for  rejection.  The 
panels  shall  then  be  subjected  to  the  adhesion  test  specified  in 

4*3*3«2  Low  Temperature.-  Two  coated  steel  test  panels  shall  be 
placed  in  a  cold  ohamber  at  -63*’  t  lO^F  for  a  minimum  of  3^  hours.  The 
panels  shall  then  be  removed  and  allowed  to  return  to  room  temperature, 
then  dri<sd  and  examined  risually.  Any  lifting,  flaking,  or  other  deteikor- 
lation  of  the  coating  shall  be  cause  for  rejection.  The  test  panels  shall 
then  be  subjected  to  the  adhesion  test,  4*3 *3* 

4<3*6  Wear  and  Friction  Properties.-  The  eraluation  of  the  wear  and 
friction  properties  of  solid  film  lubricants  shall  be  made  In  a  bench-type 
tester  capable  of  subjecting  the  test  specimens  to  the  test  conditions 
listed  below.  Six  Timken  cups.  Fart  No.  T-3414H,  shall  be  coated  with 
solid  film  lubricant  according  to  3.3,  3.4,  and  3.3 >2,  and  tested  as 
follows t 

a.  Speed  -  72  t  2  rewolutions  per  minute  (rpm) 

b.  Load  •  620  pounds 

0.  Temperature  -  Room  temperature  shall  be  maintained  between 
750  .  830F 

d.  Humidity  -  3^  ±  3  percent 

e.  Loading  Procedure  -  The  weights  shall  be  applied  while  the 
cup  specimen  is  rotating  by  the  following  sehedulei 


Time -min 

Actual  Wts  Applied -Lbs 

Normal  Load 

0-1 

Bale  Rod  Only 

30 

1-2 

do 

3 

120 

2-3 

do 

6 

210 

3-4 

do 

9 

300 

4-5 

do 

12 

390 

3-6 

do 

13 

480 

6-7 

do 

16 

310 

7-6 

do 

17 

540 

8-9 

do 

18 

370 

9-10 

do 

19 

600 

10  to  failure 

do 

20 

630 

f.  Block  Specimen  -  413^  steel  having  a  Rockwall  C  hardness 

of  3^  t  3«  Surface  roughness  shall  be  4-H  oiioroinohes ,  xms. 
Dimensions  of  the  block  shall  be  O.23O  t  0.0002  by  0.620 
i  0.0002  by  0.400  j;  0.0002  inch.  The  0.250-ineh  dimension 
shall  be  parallel  to  the  axis  of  the  eiq). 
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g*  DireotloD  of  Rotation  -  the  test  oup  shall  rotate  in  a 
oountereloclnrlse  direction  when  Tlewed  from  the  apeeiMn 
end  of  the  teat  shaft* 

h*  DeTiation  of  Lever  System  •  the  deriation  of  the  bale 
rod  end  from  the  horixontal  when  fully  loaded  shall  not 
ezeeed  1/8  inch. 


The  eoated  test  cups  shall  run  continuously  on  the  bare  413^  steel 
blocks  for  a  ndnimum  of  70  hours  without  an  increase  in  fiction 
to  0.1.  Failure  of  any  one  sasqple  to  meet  tbese  requirements  shall  be 
cause  for  rejection.  The  initial  friction  measurement  shall  be  made 
10  minutes  after  full  load  is  applied. 

4*4  Qualification  Testing 


4«4*1  Qualification  Test  Samples.-  The  size  of  the  panel  specimens* 
except  for  panel  specimens  for  the  corrosion  resistance  tests,  shall  be 
in  accordance  with  Figure  1*  The  material  to  be  used  for  a  specific  test 
and  the  tuuaber  of  panels  required  shall  be  as  specified  in  Table  II* 
Saiqiles  shall  be  identified  with  the  manufaeturer's  own  pert  number  and 
any  additional  ixifoznation  required  by  the  letter  of  authorization  (see 

6.3). 


TABLE  II 


Qualification  Test  Panels 


Quantity 


Material 


Test  Paragraph 


—  Use  panels  below  4.3.^ 

2  Steel  panels  coated  as  specified 

in  4.2*1.3.2  4.3.2 

1  Steel  panels  pretreated  &  coated  4.3*3 

9  Aluminum  panels  pretreated  &  eoeted  4.3.4.1 

4  Aluminum  panels  anodized  &  eoated  4*3. 4. 2 

4  Aluminum  panels  anodized  only  4. 3*4*2 

4  Steel  panels  pretreated  &  eoated  4*3*3 


y  Steel  shall  conform  to  Specification  MIL-S-18729,  Sl£  4130.  and 
aluminum  shall  conform  to  Specification  QQ-A-333.  2024-T3  or  T4. 


4«4*1*1  Sample  for  Corrosion  Resistance  Test.-  Four  panels  shall  be 
cut  from  the  same  sheet  of  2024-T3  or  T4  aluminum  conforming  to  Specifi¬ 
cation  QQ-A-335.  Each  panel  shall  be  3~ioohe8  wide  by  10-lncbes  long 
by  0*040-ineh  thick.  The  10-inoh  side  shall  be  transrerse  to  the  rolling 
direction* 
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4*4*2  Coating  of  Test  Panels.-  All  test  panels  which  require  a  eoat- 
Ing  of  the  solid  film  lubricant  shall  be  coated  h/  the  contractor  in 
accordance  with  the  contractor's  process. 

4*4«3  Qjualification  Tests.  -  The  qualification  tests  shall  consist  of 
all  the  tests  described  under  4*3  "Test  Methods." 

5.  treparation  for  deuvery 

5*1  Not  applicable. 

6.  NOTES 

6.1  Intended  Use.-  The  bc"  ^  film  lubricants  corered  hy  this  specifi¬ 
cation  have  been  found  to  be  generally  suitable  for  sliding  motion  types 

of  applications  such  as  plain  spherical  bscrings.  flan  t.recks,  hinges,  cam 
surfaces,  gears,  etc.  In  addition,  solid  film  lubricants  may  be  adaptable 
for  other  applications  where  temperature,  iuaeeedsibility,  contamination, 
ate,  render  conwentional  lubricants  unsatis factory  or  impractical.  Solid 
film  lubricants  may  also  be  used  to  minimize  fretting  corrosion. 

6.1.1  Solid  film  lubricants  have  not  generally  bean  successful  when 
used  in  ball  bearing  screw-jacks  or  internal  parts  of  anti -friction  bear¬ 
ings.  It  is  recoemended  that  when  these  coatings  are  eontanq^lated  for  use 
in  aixeraft  or  missiles  in  these  types  of  applications  approral  be  obtained 
froB  the  cognizant  project  office  or  laboratory. 

6.1.2  Solid  film  lubricants  may  hawe  their  endunmce  properties 
shortened  by  exposure  to  high  tesq>eratures  in  service.  It  is  therefore 
recomsended  that  each  application  where  serrlce  temperatures  exceed 
450°F  be  investigated  for  actual  performance. 

6.1.3  Neapplicatlon.-  The  use  of  solid  film  lubricants  should  be 
limited  to  those  parte  which  will  not  require  reapplication  of  the  film 
during  the  nozmal  use  life  of  the  part  except  where  the  material  will  be 
used  for  break-in  purposes  in  conjunction  with  other  approved  oils  and 
greases. 

6.2  Ordering  Data.-  Procurement  documents  should  specify  the 
following! 


a.  Title,  number,  and  date  of  this  specification. 

6.3  Qualification.-  With  respect  to  products  requiring  qualification, 
awards  will  be  made  only  for  such  products  as  have,  prior  to  the  bid  open¬ 
ing  date,  been  tested  and  approved  for  inclusion  in  the  applicable 
Qualified  Products  List  whether  or  not  such  products  have  actually  been 
so  listed  by  that  date. 
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6*3.1  The  attention  of  suppliers  is  called  to  this  requirement,  and 
manufacturers  are  urged  to  arrange  to  have  the  products  that  they  propose 
to  offer  to  the  Federal  Gkyvemment  tasted  for  qualification  in  order  that 
they  may  be  eligible  to  be  awarded  contracts  or  orders  for  the  products 
oorered  by  this  specification.  Information  pertaining  to  qualification 
of  products  covered  by  this  specification  may  be  obtained  from  the 
Connander,  Wright  Air  Development  Center,  Attnt  VCLTR-1,  Wright -Patterson 
Air  Force  Base,  Ohio. 

6.4  Base  Material  Finish.-  The  surface  roughness  of  parts  to  be 
coated  for  use  in  sliding  motion  should  be  not  greater  than  63  micro- 
inches  for  beat  endurance  life  and  maximum  adhesion.  Farts  such  as 
threaded  fasteners,  which  are  not  in  frictional  motion  frequently,  may 
be  as  rough  as  125  micro-inches  or  more,  with  respect  to  the  direction 
of  motion,  without  reducing  the  effectiveness  of  the  coating. 

6.3  Vapor  and  Grit  Blasts.-  It  is  recommended  that  all  grit  blasts 
perfomed  on  parts  to  be  coated  with  solid  film  lubricants  be  done  with 
No.  120,  AI2O0  or  Si02  which  is  clean  and  sharp.  The  maximum  coarseness 
of  material  should  be  No.  120  Alundum,  or  equivalent.  The  choice  of 
material  used  will  depend  on  the  surface  hardness  and  the  finish 
roughness  desired. 

6.6  Detail  Drawing  Call'Outs.-  Engineering  detail  drawings  of  parts 
to  be  coated  should  give  specific  pretreatments  to  be  used  and  allowable 
limits  on  pretreatment  and  solid  film  lubricant  thioicnesses . 

6.7  Threaded  Fasteners.-  Where  solid  film  lubricants  are  used  on 
threaded  fasteners,  a  considerably  lower  torquing  value  should  be  used 
than  that  normally  recoomended  for  unlubricated  threaded  fasteners.  In 
general,  the  torquing  values  for  (a)  thread  coated  and  (b)  thread  and 
head  coated  fasteners  should  be  about  70  percent  and  40  percent, 
respectively,  of  the  recoomended  values  for  unlubricated  steel  fasteners, 

NOTICE  When  Government  drawings,  specifications,  or  other  data  are 
used  for  any  purpose  other  than  in  connection  with  a  definitely  related 
Government  procurement  operation,  the  United  States  Government  thereby 
incurs  no  responsibility  nor  any  obligation  whatsoever;  and  the  fact 
that  the  Government  may  have  formulated,  furnished,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other  data  is  not  to  be 
regarded  by  implication  or  otherwise  as  in  any  manner  licensing  the 
holder  or  any  other  person  or  corporation,  or  conveying  any  right  or 
permission  to  manufacture,  use,  or  sell  any  patented  invention  that 
may  in  any  way  relate  thereto. 
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IRRADIATION  HISTORI  Of  TEST  SPICIMDIS 
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Gamna  Irradtatlona 

The  metal  teat  panels  and  Falex  seta  exposed  to  £w™n«  radiation 
and  tested  as  shown  In  Tables  I  through  V  were  Irradiated  In  the 
gamna  canal  of  the  Materials  Testing  Reactor,  Arco,  Idaho.  For 
details  of  exposure  techniques  and  dosimetry,  a  summary  Is  glren  in 
reference  (^).  Such  Information  will  not  be  presented  hex^ln. 

For  each  gamma  dosage,  five  coated  steel  and  eight  coated  alu- 
ffliniUB  panels  were  Irradiated  for  each  solid  film  lubricant  studied* 
Also,  two  anodized,  uncoated  aluminum  comparison  panels  were  Irradi¬ 
ated  to  each  given  dosage.  The  panels  were  Irradiated  in  packs, 
each  pack  consisting  of  two  or  three  steel  panels  In  the  center 
with  two  aliunlnuffl  panels  on  each  side.  These  packs  were  mounted 
vertically  in  the  standard  irradiation  canisters  at  the  midplane 
and  exposed  in  the  gamma  canal. 

All  gamma  dosages  are  given  In  terms  of  the  unperturbed  fuel 
eleownt  array,  that  Is,  before  the  canisters  with  contents  were 
inserted.  Therefore,  no  corrections  have  been  made  for  attenuation 
in  the  canister  wall  or  in  the  outer  panels  shielding  the  Interior 
panels.  This  should  be  carefully  noted,  since  the  gamma  exposures 
are  to  be  ccmsldered  as  nominal  rather  than  absolute  and  serve  to 
give  conparative  effects  of  increasing  gamma  irradiation  only. 

For  each  gamma  dosage,  three  sets  of  Falex  pins  and  V-bloeks 
were  irradiated  for  each  solid  film  lubricant  studied.  Each  set, 
consisting  of  one  Falex  pin  and  two  V-blocks,  was  irradiated  with 
the  notch  of  each  V-block  facing  outward  from  the  vertically  posi¬ 
tioned  pack.  As  in  the  case  of  the  test  panels,  no  attenuation 
corrections  were  made  either  for  the  canister  or  its  contents.  The 
wear  data  given  In  Tables  17  and  7  should  be  considered  therefore  as 
based  on  coogmratlve  exposures  and  not  on  well  defined  expoeuree  to 
the  coatings. 

Neutron  Irradiations 

Only  Falex  sets  were  exposed  to  neutron  Irradiation.  For  each 
solid  film  lubricant  studied,  three  Falex  sets  were  irradiated  to 
each  of  the  given  dosages.  Exposures  were  In  the  X-10  reactor  at 
Oak  Ridge,  Tennessee.  Information  pertinent  to  the  irradiations  is 
as  follows t 

Relative  thermal  neutron  fluxi  6. 30  *  0.03  x  10^^  n/om?/see 
Epithermal  (cadmium  ratio) t  10.8 
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fast  nautron  doaa^st 


nautrotis  abore  2.9  mt  2.0  x  109 

nautrooa  abora  6.3  mt  I.40  i  0.06  z  109  n/aa?/aaa 

nautrona  abora  8.1  Bar  O.93  t  0.01  x  109  n/aaS/sao 

Tha  abofra  data  wara  obtalnad  by  tha  use  of  Co^ll.  S.  Al»  and  Mg 
aGBitors. 


32 


APPENDIX  III 


imCT  OF  OAMIA  RADUTION  ON  A  SINIBRSD  MBTAL  UJfiRICATINa  MATIRIAL 


TABUS  Till.  SnSCT  OF  O&MKA  lUDUTIOM  ON  THE  FAUEX:  HEAR 
or  A  SINTERED  KGTAL  UJERICATINO  MATERIAL 


Oanoa  Doaage 
(erga/0a  C) 

Run  1 

Run  2 

am  3 

ATerage 

None 

22*1^1) 

29.2 

53.9^2) 

25*7 

2.61  z  109 

(3) 

(4) 

(5) 

1 

1 

1 

8.71  X  109 

32.7 

30ai 

28.9 

30.8 

2.61  X  lo^o 

18.4 

32.6 

24.7 

25.2 

8*71  X  10^0 

26*3 

22.5 

26.7 

23*2 

(1)  Weic^t  loss  in  mg  (after  run)* 

(2)  At  200  pound  load. 

(3)  Pin  aheared  after  9  ninutea.  gMongr  aubatanoe  depoaited  during  run* 

(4)  Pin  aheared  after  14  adnutea*  gumiQr  aubatanoe  depoaited  during  run* 
(3)  Pin  aheared  after  18  adsutea*  guaiqr  aubatanoe  depoaited  during  zun. 

Teat  oonditionat 

Load  -  100  pounda  for  30  adnutea 
Speed  -  290  rpm 

Machine  •  Falex  Lubricant  Teating  Machine 
Saavlea  irradiated  in  the  WADC  1300  Curie  Cobalt -60  pipe 
Pina  were  cleaned  with  fine  aand  paper,  vaahed  with  naphtha,  and 
oren  dried  for  30  ninutea  at  12O0F  prior  to  teating*  The 
pina  were  then  zun  on  atandard  ateel  T-bloeka* 
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yal>x  Machine  EvaluatloQ  of  Deva  Metals 

The  puzpose  of  this  evaluatioa  waa  to  Inveatlgate  four  Dera  Metal 
types  to  determine  if  any  shov  superiority  to  coDomercial  dry  film 
lubricants.  A  chemical  analysis  was  conducted  concurrently  to  allow 
nuclear  activation  calculations  should  any  of  the  metals  prove  attrac¬ 
tive  enough  to  merit  reactor  irradiation  for  purposes  of  studyixig  their 
nuclear  radiation  resistance. 

Deva  Metal,  a  "self -lubricating*  bearing  material,  has  potential 
interest  in  areas  where  environmental  conditions  preclude  the  use  of 
conventional  lubricants.  Examples  would  be  areas  of  extreme  high  or 
low  tenpereture.  It  would  also  be  of  interest  for  use  in  the  presence 
of  nuclear  radiation  where  organic  lubricants  are  readily  degraded  and 
lose  their  lubricating  characteristics. 

Four  Deva  Metal  types  were  machined  to  standard  Falex  Pin  size 
and  evaluated  on  the  Falex  Test  Machine  using  eonventi«ial  steel  T- 
blocks.  The  results  of  the  testing  are  shewn  in  Table  IX.  Chemieal 
analyses  of  the  metals  are  given  in  Table  X. 

The  Deva  Metal  specimens  were  first  run  at  a  ^00  peund  Jaw  load 
on  the  Falex  machine.  At  this  load,  the  pins  machined  to  such  an 
extent  that  results  could  not  be  obtained.  It  was  evident  that  test 
conditions  were  too  severe  so  the  pins  were  then  tested  at  3^ 

100  pound  Jaw  loads.  Under  these  lighter  loads,  the  metals  gave 
similar  results,  either  machining  to  such  an  extent  that  Jaw  load 
could  not  be  maintained  or  breaking  at  the  shear  pin. 

Uncoated  steel  Falex  Fins  were  run  under  the  same  loads  agaioet 
bare  V-blocks.  Machining  again  took  place  at  an  even  greater  rate 
than  for  the  Deva  Metal  pins,  fiy  comparison,  certain  eciamereial 
solid  film  lubricants,  when  coated  on  similar  steel  pins,  give  the 
following  resultsi  When  run  at  a  300  pound  Jaw  load  for  the  staxid- 
ard  one-half  hour,  weight  losses  were  obtained  varying  from  0.6  mg 
up  to  ^0  mg,  depending  on  the  coating  used.  Average  values  for 
the  better  coatings  are  about  10  to  12  mg  weight  loss  for  the  pin 
following  this  test. 

On  the  basis  of  the  tests  conducted,  it  can  be  concluded  that 
when  compared  with  coomercial  solid  film  lubricants,  the  four  Deva 
Metal  types  evaluated  perform  quite  poorly  when  tested  on  the  Falex 
smebine.  However,  when  compared  to  bare  steel  on  steel,  they  show 
a  superiority,  limited  though  it  might  be.  It  should  be  noted  that 
the  conclusions  reached  herein  are  valid  only  with  respect  to  the 
conditions  described.  Under  lighter  loads,  it  is  quite  possible 
that  Deva  Metals  would  show  superior  qualities  to  other  methods  of 
lubrication,  especially  at  elevated  temperatures  where  organic 
solids  would  tend  to  deoonqpose. 
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As  s  rssult  of  ths  tssting  dosoribsd  aboTs,  it  was  dseldsd  to 
disoontinue  further  sTaluation  of  tbs  Dera  Metal  spselnens  axtd  to 
abandon  plans  to  subject  then  to  nuclear  radiation.  With  the  test 
apparatus  used,  the  falex  Test  Machine,  the  test  conditions  were  so 
serere  that  it  would  not  be  possible  to  determine  what  effect,  if 
any,  nuclear  radiation  would  hare  on  the  metal  properties.  Any 
deeresse  in  the  already  poor  qualities  measured  would  not  show  up 
as  a  significant  change  in  the  metal  capabilities. 

It  is  felt  that  in  applicstions  where  use  of  solid  film  lubri¬ 
cants  is  required,  Deva  Metals  of  the  type  described  herein  be  used 
only  if  solid  film  lubricants  can  be  shown  to  be  inferior. 


37 


TXBLI  IX.  rxisx  MACHINE  EVALUATION  07  DE7A  METALS 


Fin 

Tine  to  Failure  (ninutea) 

Conpoaltlon 

Run  § 

50  lb.  load 

100  lb.  load 

Steel 

1 

_2  . 

1 

ir>13-S4 

1 

2  (Broke) 

1  (Broke) 

2 

3  (Broke) 

2  (Broke) 

lf-10-S5 

1 

12 

0.2668  0a  wt  loaa(2) 

2 

16 

0.2601  0a  wt  loaal3} 

21I-15-S4 

1 

17 

24 

2 

18 

20 

2H-8-S2 

1 

17 

12 

2 

16 

14 

3 

— 

3 

(1)  SAX  3140  or  3145  at««l 

(2)  Original  valght  vaa  6.945^  0b 

(3)  Original  weight  vaa  6*9640  gn 


Motet  All  teata  were  run  at  295  (or  I9.3  ft./nln»)  and  rocai 
teapperature  (about  75°7)*  Steel  T>bloeka  were  uaed  for  all 
teata,  the  eoeq)oaltlon  being  SAS  I141  or  1144  ateel*  failure 
tine  la  the  tine  at  whloh  the  plna  naohlned  to  eueb  an  extent 
that  the  Jaw  load  could  not  be  nalntalned*  No  pine  were 
weighed,  elnee  the  teata  did  not  run  full  half  hour  (except 
for  the  ir-10-S5). 
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TABLE  X.  CHEMICAL  ANALYSIS  OF  DEVA  METALS 


Metal  Type 

IIIQQI^IIIIII 

2N-15-S4 

2N-8-S2 

%  Carbon  (total) 

13.75 

9-31 

13.59 

6.90 

%  Iron 

79.38 

83.85 

1 

1 

1 

1 

— 

%  Nickel 

\ 

1 

1 

1 

1 

1 

1 

79.32 

87.13 

%  Copper 

3.47 

3.54 

3.93 

3.94 

%  A  Inml 

1-3.4(1) 

1-3.3(2) 

1-3 .2(3) 

1-2.o(4) 

(1)  The  aluminum,  which  is  approximately  10  timea  as  great  as  any  other 
element,  plus  silicon,  magnesium,  calcium,  manganese,  tin,  and 
chromium  constitute  the  remainder. 


(2)  The  aluminum,  which  is  approximately  10  timea  as  great  as  any  other 
element,  plus  silicon,  magnesium,  calcium,  manganese,  tin,  chrcoium, 
and  titanium  constitute  the  remainder. 

(3)  The  aluminum,  which  is  appraxioately  10  times  as  great  as  any  other 
element,  plus  silicon,  magnesium,  calcium,  manganese  and  tin 
constitute  the  remainder. 

(4)  The  aluminum,  which  is  approximately  10  times  as  great  as  any  other 
element,  plus  silicon,  magnesium,  lead,  calcium,  manganese,  axtd  tin 
constitute  tbs  remainder. 
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apundix  t 
LIST  or  TINDORS 
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Th«  following  Hat  giraa  tha  addraaaaa  of  th#  Tondora  auppljriBc 
the  ooatlnga  to  the  panela  and  lalex  aeta  aumaerlzed  in  Tablea  I 
throu^  Tt 


CoBMpany 

Aohnaon  Collolda  Company 
Attni  Mr.  F.  H.  Ointer 

Salea  Engineering  Lab. 
Port  Huron.  Mlohigan 

Sleotrofllm.  Incorporated 
Attni  Hr.  Halph  E.  Crump 
Chief  Engineer 
Poat  Office  Bok  106 
7116  Laurel  Canyon  Boulevard 
North  Hollywood,  California 

Srerlube  Corporation  of  America 
Attni  Mr.  A.  R.  Booker 

Exec.  Vice  Preeident 
6940  Panndale  Avenue 
North  Hollywood.  California 

McGee  Chemical  Company.  Ine. 
Attn:  Mr.  Zell  0.  McGee 
Preaident 

8000  Weat  Cheater  Pike 
Upper  Darby,  Pennaylvania 

Deva -Metal  Corporation 
Attni  Mr.  Charlea  G.  Welehamn 
Preaident 

Poat  Office  Box  146 
Bidgewood,  New  Jeraey 


Product 

'Dag'  Diaperaion  jj^213 
'Dag*  Diaperaion  #223 


Solid  Pilm  Lttbrleant  #4396 
Solid  Film  Lubricant  #4856 


Iverlube  #620 
Sverlube  #810 


MeLube  MeS2-830 
McLube  Mo82>835 


Deva-Metala 
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THE  INTERBPPECTS  OP  REACTOR  RADIATION  AND  OIL 

Ly 


P.  A.  Haley 
Convair 

A  Division  of  General  Dynamics  Corporation 
Port  Worth,  Texas 

In  an  experiment  to  investigate  the  Intereffects 
of  oil  and  reactor  radiation,  six  specimens  of  MIL-L- 
7808c  aircraft  turbine  oil  were  irradiated  in  the  form 
of  slabs  of  one-half  inch  thickness.  The  specimens 
were  stacked  so  that  each  acted  to  shield  those  behind 
it  and  the  neutron  and  gamma  radiation  was  measured 
between  specimens. 

Comparison  of  measured  values  with  theoretical 
curves  for  the  change  in  the  radiation  field  as  it 
progressed  through  the  oil  shows  that  the  attenuation 
of  neutrons  and  gammas  through  oil  can  be  predicted 
with  reasonable  accuracy. 

Although  the  doses  received  by  the  specimens  were 
not  sufficient  to  cause  extensive  degradation  of  prop¬ 
erties,  some  increases  in  viscosity  and  neutralization 
number  were  noted,  the  extent  of  change  in  the  oil 
nearer  the  reactor  being  greater  than  in  the  more 
remote  specimens. 


INTRODUCTION 

When  a  sample  of  material  is  placed  in  a  radiation  field, 
certain  Incremental  volumes  -  the  molecules  near  the  surface  - 
act  to  shield  other,  more  Interior  portions.  Relatively  solid 
materials  or  very  viocous  liquids,  as  a  result,  experience 
greatest  damage  near  the  surface  upon  which  the  radiation  is 
incident.  However,  for  free-flowing  liquids  or  for  liquids 
deliberately  agitated,  all  molecules  are  subjected  to  essen¬ 
tially  the  same  dose.  This  dose  is  necessarily  somewhat  less 
than  that  incident  upon  the  source  side  of  the  sample,  and 
can  be  assumed  to  be  an  average  of  the  dose  received  in  all 
volumes  of  the  sample.  For  this  reason,  any  expression  of 
sample  dose  which  disregards  the  change  in  the  radiation  through 
the  sample  is  unrealistic.  Hie  true  sample  dose  can  be  expres.iod 
only  after  the  following  factors  contributing  to  the  magnitude 
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of  the  change  are  considered: 

1.  The  nature  of  the  radiation  field  -  the  type, 
flux,  and  the  energies  of  the  particles; 

2.  The  particular  composition  and  density  of  the 
sample  material;  and, 

3.  The  thickness  of  the  specimen  as  seen  by  the 
radiation  field. 

The  evaluation  of  fluids  for  nuclear  environment  applica¬ 
tions  requires  extensive  properties  testing,  for  which  relatively 
large  volumes  of  fluid  are  needed.  It  Is  to  advantage  that  we 
have  a  knowledge  of  fluid  self-shielding  so  that  a  sample  thick¬ 
ness  can  be  selected  which  will  minimize  this  shielding  and  at 
the  same  time  provide  a  sample  volume  sufficient  for  property 
testing. 

In  the  Interest  of  Investigating  these  problems,  a  recent 
experiment  was  conducted  at  the  Convalr  Nuclear  Laboratories 
Involving  the  Irradiation  of  MIL-L-7808C  aircraft  turbine  oil. 

The  experiment  had  the  following  objectives: 

1.  To  Investigate  the  magnitude  of  neutron  and  gamma 
attenuation  by  oil; 

2.  To  collect  data  to  aid  In  selecting  an  optimum 
sample  thickness  for  oil  Irradiation  experiments; 
and, 

3.  To  augment  the  radiation  effects  data  already 
available  on  MIL-L-7808C  aircraft  turbine  oil. 

DESCRIPTION  OF  SPECIMENTS  AND  SPECIAL  EQUIPMENT 
Experimental  Fluid 

MIL-L-7808C  aircraft  turbine  lubricant  ranks  very  high 
among  commercially  available  Jet  engine  lubricants  and  can 
probably  satisfy  many  of  the  nonnuclear  requirements  for  a 
nuclear  powered  engine  oil.  It  has  been  previously  established- 
that  this  oil  is  fairly  stable  when  irradiated  under  static 
conditions  to  doses  below  10^  ergs/gm(C). 

The  particular  sample  used  was  a  synthetic  dlester  with 
a  sebacate  base  -  approximate  structure  (C25H^q02|)x.  The 
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sample  was  obtained  commercially  and  probably  contained  small 
amounts  of  additives  to  impart  oxidation  stability,  corrosion- 
preventive  and  anti-wear  properties^  Six  specimens,  approxi¬ 
mately  one  liter  each,  were  Irradiated  under  a  dry  helium  at¬ 
mosphere  . 

Irradiation  Container 


A  seven-unit  container,  consisting  of  one  large  rec¬ 
tangular  tank,  15—I"  X  l4"  x  10"  (outside)  and  constructed 
of  3/4-inch  thick alumlnmn,  and  six  smaller  cans,  each  14-^"  x 
10"  X  I"  (inside),  and  constructed  of  l/8-inch  thick  alumi¬ 
num,  was  fabricated.  Figure  1  is  a  sketch  of  this  container. 

The  large  tank  served  as  a  drip  pan,  atmosphere  retainer, 
and  supporting  frame  for  the  smaller  cans.  Between  each  of 
the  smaller  cans  holding  the  six  oil  specimens,  a  3/8-inch  air 
space  was  provided  to  accommodate  the  radiation  detectors. 

Radiation  Detectors 


Five  sets  of  dose  monitors  were  located  in  the  spaces 
between  adjacent  cans  and  five  behind  the  sixth.  Thus,  a 
total  of  35  sets  of  monitors  were  used,  each  set  consisting 
of  the  following: 

1.  A  magnesium  disc  to  monitor  fast  neutrons  above 
the  0.3  Mev  threshold. 

2.  A  pair  of  gold  foils  -  one  bare  and  one  cad¬ 
mium-covered  -  to  monitor  thermal  neutrons  of 
energies  below  the  0.48  ev  cutoff. 

3.  A  pair  of  chemical  dosimeters  to  monitor  the 
gamma  dose.  Two  dosimeters  were  used  at  each 
point  to  Increase  accuracy;  at  the  95  percent 
confidence  level  two  of  these  dosimeters  agree 
within  ^6  percent.  These  dosimeters  are  cali¬ 
brated  in  roentgens.  In  reporting  the  gamma 
dose  in  this  paper,  one  roentgen  is  considered 
equivalent  to  one  rem  and  to  87.7  ergs/gm(C). 

The  dose  monitors  were  arranged  as  shown  in  Figure  1.  Monitors 
were  deliberately  not  positioned  at  the  outer  extremities  so 
that  reaction  with  scattered  particles  could  be  minimized. 
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THE  IRRADIATION 


The  oil  container  was  loaded  into  one  of  the  boral-clad 
aluminum  chambers  usxially  used  to  hold  materials  during  ambient - 
temperature  Irradiations.  Orientation  between  the  container 
and  the  Ground  Test  Reactor  was  such  that  all  the  small  cans 
were  parallel  with  the  reactor  face.  The  first  specimen  was 
nearest  the  reactor,  so  that  each  specimen  shielded,  to  some 
extent,  those  behind  it. 

A  configuration  was  thus  established  in  which  each  group 
of  dose  monitors  were  shielded  by  oil  and  aluminum  of  a  partic¬ 
ular  thickness.  This  shielding  thickness  increased  by  one- 
half  inch  increments  of  oil  and  one-quarter  inch  increments 
of  aluminum  between  successive  groups. 

A  20-hour  irradiation  was  made  at  a  nominal  reactor 
power  level  of  500  kw,  * 

TEST  METHODS  AND  RESULTS 


Oil  Testing 


Physical  property  testing  was  performed  on  the  six  ir¬ 
radiated  oil  specimens  and  on  a  control  specimen  from  the 
original  sample.  The  tests,  methods,  and  results  are  listed 
in  Table  I.  Figure  2  gives  a  plot  of  some  of  these  properties 
as  a  function  of  the  dose  received  on  the  specimen  face.  Neu- 
tron-to-gamma  ratios  are  shown  because  they  varied  between 
specimens . 

Dosimetry 

The  data  from  the  dose  monitors,  reduced  by  standard 
methods  and  analyzed  with  respect  to  the  effect  of  the  oil 
and  aluminum  on  the  radiation  field,  are  listed  in  Table  II. 
Each  value  represents  an  average  of  the  data  from  the  five 
sets  of  monitors  on  a  particular  can. 

The  percent  of  fast  neutron  transmission  through  oil  and 
aluminum  is  shown  in  Figure  3.  Figure  4  shows  the  percent 
transmission  of  gamma  radiation  of  the  GTR  spectrum.  Theoreti¬ 
cal  curves  are  included  in  these  figures  to  show  comparison 
with  experimental  curves.  The  neutron  cross  sections  and 
gamma  absorption  coefficients  used  in  the  calculations  are 
indicated  on  the  figures. 
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This  column  was  calculated  to  accoxint  for  the  large  number  of  fast  neutxrons  below  6.3  Mev  and 
assumes  the  presence  of  l8  neutrons  above  0,33  Mev  for  each  neutron  above  6.3  Mev,  This  number 
is  valid  only  for  the  particular  chamber  used. 
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The  Integrated  thermal  neutron  fluxes  received  by  the 
specimens  are  plotted  In  Figure  5-  The  obvious  thermal 
flux  Increase  through  the  Interior  specimens  Is  attributed 
to  the  thermal  neutrons  which  resulted  from  the  slowing  down 
of  fast  neutrons  In  the  highly  hydrogeneous  oil.  Figure  5 
also  shows  the  change  In  the  ratio  of  neutrons  to  gamma  rays 
through  the  assembly. 


CONCLUSIONS 

The  radiation  doses  received  by  the  six  oil  samples  In 
this  experiment  were  not  of  a  magnitude  sufficient  to  cause 
extensive  degradation  of  properties.  However,  the  oil  was 
definitely  affected  In  all  specimens,  and  a  threshold  for  ex¬ 
tensive  damage  was  probably  being  approached  In  the  first  speci¬ 
men. 


An  oil  sample  one-half  Inch  thick  transmits  roughly  75 
percent  of  the  Incident  fast  neutron  flux  and  93  percent  of 
the  total  Incident  gamma  radiation  of  the  GTR  spectrum.  A 
half-inch  seems  to  be  a  reasonable  sample  thickness  for  future 
oil  Irradiations  for  two  reasons.  First,  the  flux  field  Is 
not  disturbed  to  an  extent  that  highly  Inaccurate  dose  express¬ 
ions  are  likely  and,  second,  this  thickness,  when  used  with 
other  reasonable  specimen  dimensions,  yields  a  volume  sufficient 
for  the  post-lrradlatlon  testing  of  the  oil. 

Neutron  and  gamma  attenuation  through  oil  can  be  calcu¬ 
lated  with  reasonable  accuracy  If  the  percentage  composltioh 
and  density  of  the  oil  are  known. 
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ABSTRACT 

Polyphenyl  ethers  are  very  promising  materials  for  further 
development  as  radiation-resistant  high-temperature  lubricants. 

The  unsubstituted  polyphenyl  ethers  are  far  more  stable  than 
presently-used  lubricants  and  can  be  classed  with  the  most 
resistant  types  of  aromatic  ccnipounds  (polyphenyls,  aromatic 
silanes,  etc . )  with  respect  to  radiation,  oxidation  and  thermal 
stability.  Furthermore,  these  ethers  have  much  lower  melting 
points,  better  physical  properties  and  much  better  lubrication 
characteristics  than  the  other  aromatic  materials.  Liquid 
unsubstituted  ethers  having  pour  points  of  l^ave 

been  prepared.  Initial  tha:mal  decooq>osltlQn  temperatures  of 
these  ethers  are  830 ‘F  or  higher. 

Selected  alkyl -substituted  polyphenyl  ethers,  a-cumyl  and 
tert-butyl  derivatives,  although  less  stable  than  the  unsub¬ 
stituted  conpounds  are  much  more  resistant  to  radiation,  oxidation 
and  thermal  deconposition  than  typical  antioxidant-containing 
oils. 


Practical  methods  of  preparing  liquid  polyidaenyl  ethers 
are  being  actively  investigated  with  real  promise  of  success. 

Introduction 


A  major  ixjrtion  of  the  work  during  the  past  year  has  been  devoted  to 
exploring  the  physical  property  and  stability  relationships  of  aromatic 
materials.  Polyphenyl  ethers  have  shown  a  number  of  inportant  advantages 
over  the  other  aromatic  types  and,  therefore,  have  received  most  attention. 
Most  preliminary  ewhiatlon  studies  have  been  performed  on  easily-prepared 
para-linked  ethers  having  relatively  high  melting  points.  The  real  promise 
shown  by  the  ethers  for  use  at  hi^  temperatures  in  the  presence  of  oxygen 
and  radiation  now  Justifies  additional  effort  to  produce  low-melting,  stable 
ethers. 


Pbysioal  Properties  of  Polyphenyl  Ethers 


Melting  Points 


Syntheses  of  canpounds  having  the  highest  possible  number  of  meta 
linkages  afford  the  best  means  of  procuring  liquid  or  low-melting  unsub- 
stituted  ethers.  The  pour  points  or  melting  points  of  unsubstituted  ethers 
linked  in  various  positions  are  compared  in  Table  I.  Since  the  names  of 
these  ocmgpounds  can  be  confusing,  an  abbreviated  nomenclature  has  been 
adopted.  For  example,  the  compound  p-bis(m-phenoxyph«aoxy) benzene  having 
the  structxu'e, 


O-o-Q-o-Cp-o-Q-o- 


\ 


,  would  have  the  abbreviated 


nomenclature,  mpm-5P4E,  indicating  the  orientation  of  the  linkages,  the  nximber 
of  phenyl  groups  and  ether  oxygens  pz«sent. 


Table  I.  MELTINQ  POINTS  AND  POUR  POINTS  OF 
ItITWfc  PbLYjtoftL  IteBlERS 


Compound 

Abbreviated 

Melting 

Nomenclature 

Point,  ®] 

Bis(p-phenoxypheny])  Ether 

PP-4P3E 

229-231 

Bis(o-phenoxyphenyl)  Ether 

00-4P3E 

249-251 

Bis(m-phenoxyphenyl)  Ether 

mm-4P3E 

Liquid 

m-Phenoxyphenyl  p-Phenoxypheioi  Ether  mp-4P3E 

109-111 

p-Bis  ( p-phenoxyphenoxy  )benzene 

PPP-5P4E 

298-300 

m-Bis ( m-phenoxyphenoxy )benzene 

mmm-5P4E 

Liquid 

p-Bis  (m-phenoxyphenoxy  )benzene 

mpm-5P4E 

171-174 

Reference  (ksnpound 

m-Quaterphenyl 

- 

187 

a) Viscous  pour  points  determined  on  the  super-cooled  liquid. 


Pour 

Point, 

"F 


It  is  evident  that  the  para-  and  ortho-linked  ethers  are  high  melting 
solids  while  the  meta  compounds  are  liquids  whose  low  temperature  limits  are 
set  by  the  viscous  pour  point.  Compounds  containing  mixed  meta  and  para 
linkages  have  melting  points  Intermediate  between  the  all-para  and  all-4aeta 
ethers . 


Viscosity 

The  viscosity-temperature  characteristics  of  polyphenyl  ethers  are 
very  good  considering  their  highly  aromatic  structure.  As  shown  in  Figure  1, 
the  ethers  have  viscosity-temperature  slopes  only  slightly  greater  than 
di-2-ethylhexyl  sebacate.  The  slope  of  bis(o-phenoxyphenyl)  ether  (oo-4P3E) 
is  markedly  better  than  that  of  the  related  o,o-quaterphenyl,  showing  that  the 
ether  linkages  Impart  a  high  degree  of  flexibility  to  the  molecule. 
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For  compounds  of  equal  molecular  size,  the  para-linked  unsubstituted 
ethers  have  the  highest  viscosities  and  the  lowest  viscosity-temperature 
slopes.  Meta-linked  derivatives  have  lower  viscosity-temperature  slopes  than 
the  ortho-linked  ethers  but  are  inferior  to  the  para  derivatives  in  this 
respect.  Coopounds  having  both  para-  and  meta-links  are  Intermediate  in 
viscosity-teoperature  slope  between  the  related  all-neta  and  all-para  linked 
Isomers. 


Effect  of  Radiation  on  Visoosltv 

Polyphenyl  ethers  are  appreciably  less  sensitive  to  radiation-induced 
viscosity  changes  than  are  aliphatic  esters  such  as  dl-2-ethylhexyl  sebacate. 

The  average  viscosity  changes  of  polyphenyl  ethers  at  various 
radiation  levels  are  plotted  in  Figure  2.  Moderate  differences  in  sensitivity 
to  radiation  do  exist  within  the  polyphenyl  ethers.  Ikisubstltuted  ethers  are 
slightly  less  sensitive  than  alkyl-substituted  ethers  (tert-butyl  or  oc-cumyl- 
derivatlves)  and  compounds  of  high  molecular  weight  show  the  greatest  change. 
Meta-linked  ethers  are  as  resistant  to  viscosity  changes  as  the  para-derivatives. 
It  is  also  evident  from  Figure  2,  that  increases  in  viscosity  due  to  radiation 
are  proportionally  greater  when  measured  at  low  temperatures  than  at  high 
temperatures . 


Arcmatlc  conpounds  such  as  m-terphenyl,  phenanthrene  and  triphenyl- 
p-biphenylylsllane  are  oily  slightly  more  resistant  to  radiation  induced 


viscosity  .anges  than  the  unsubstituted  ethers.  Table  XI. 

At  least  part 

of  the  difference  would  be  due  to  the  lower  molecular  weight  of  the  two 

aromatic  hydrocarbon  compounds. 

Table  II.  EFFECT  OF  RADIATION  ON  THE  VISCOSITY  OF  VARIOUS  AROMATIC  COMPOUNDS 

Tenperature  of 

Viscosity  Increase, 

Conpound  „  Viscosity 

^  Measurements, 

At  Various  Radiation 
Dosages, a)  ergs/g 

*F 

1.1  x  10^°  5  X  10^0 

1  X  10^1 

5  X  10^^ 

l-(p-a-Cumylphenoxy) - 
ll-phenoxybenzene 

210 

7 

20 

40 

320 

400 

1 

10 

18 

95 

Bis(p-phenoxyphenyl)  Ether  400 

5 

12 

19 

80 

Bls(m-phenoxyphenyl)  Ether  210 

2 

16 

- 

tl 

400 

1 

8 

- 

Di-2-ethylhexyl  Sebacate 

210 

8 

190 

1700 

Gelled 

m-Terphenyl 

210 

2 

5 

9 

52 

If 

400 

1 

5 

5 

25 

Triphenyl -p-blphexiylyl- 
silane 

400 

- 

8 

12 

64 

Fhenanthz’ene 

400 

- 

- 

7 

17 

a)  Sanples  iizadlated  in  a  nitrogen  atmosphere  with  electrons  from  a  3  Mcv 
Van  de  Chraaff  generator. 
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Volatility  and  Flash  Points 


The  volatility  of  polyphenyl  ethers  is  highly  dependent  on  their 
molec\ilar  weight.  With  vmsuhstltuted  ethers  of  equal  molecular  size,  the 
volatility  is  also  influenced  by  the  molecular  configuration.  As  shown  in 
Table  III,  the  ortho-linked  unsubstituted  eihers  are  appreciably  more 
volatile  than  the  meta  compoimds  which  in  turn  are  more  volatile  than  the 
para-linked  derivatives.  Mixed  paranmeta  ethers  have  volatilities  intermediate 
between  the  related  all-meta  and  all-para  ethers. 

The  flash  points  and  fire  points  of  these  ethers  are  greatly  affected 
by  their  volatilities.  The  effect  of  molecular  oonfigin'ation  and  molecular 
weight  on  volatility  and  flash  point  is  illustrated  in  Table  m. 

The  relatively  high  volatilities  and  low  flash  and  fire  points  of  the 
liquid  meta-linked  ethers  compared  to  the  para-linked  compounds  indicate  that 
derivatives  at  least  as  high  in  molecular  weight  as  the  five-phenyl-four- 
ethers  will  be  needed  for  hlgh-t6nq>erat\rre  applications. 

Table  II L  VOUTILITIES  AND  FIASH  POINTS  OF  UNSUBSTITUTED  POLYPHENYL  ETHERS 


Compound 

Bis(p-phenoxyphenyl)  Ether 
Bis(o-phenoxyphenyl)  Ether 
Bis(m-i)henoxyphenyl)  Ether 
m-Phenoxyphenyl  p-Phenoxyphenyl  Ether 
m-Bis  (m-phenoxyphenoxy) benzene 
p-Bis  (m-i)henoxyphenoxy  }benzene 
Bis[p-(p-ph0noxyphenyl)phenyl]  Ether 
m-Bis [m- ( p-phenoxyphenoxy )phenoxy Ibenzene 
Di-2-ethylhexyl  sebacate 


Abbreviated 

Nomenclature 

Evaporation 
Loss,  isH  at 
400'’F  500“? 

Flash 

Point 

»p 

PP-4P3E 

2 

22 

500 

00-4P5E 

m 

55 

445 

mm-4P3E 

2.9 

53 

465 

mp-4P3E 

1.8 

28 

465 

mmm-3P4E 

3.6 

540 

mpm-5p4E 

3.4 

543 

PPPP-6P5E 

0.1 

635 

pmmmp-7F6E 

- 

<0.1 

660 

- 

8 

96 

458 

Stability  of  Polyphenyl  Ethers 

Thermal  Stability 

The  initial  decomposition  temperature  as  measured  in  an  isoteniscope 
can  serve  as  a  useful  guide  to  the  upper  temperature  performance  limit  of 
potential  lubricants.  Other  factors,  such  as  rate  of  decomposition,  type  of 
decomposition  products  formed,  time  at  various  temperatures  and  intimacy  of 
contact  with  oxygen,  etc.,  have  to  be  considered  for  any  specific  application 
but  the  highest  possible  initial  decomposition  temperature  is  always 
desirable.  The  initial  decomposition  temperature,  the  temperature  at  which 
thermal  fragmentation  of  the  base  molecule  causes  a  measurable  change  in  the 
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vapor  pressure,  is  approximately  560®-625®F  for  most  ester  and  hydrocarbon 
oils  currently  used  as  lubricants.  The  vapor  pressui^-teraperature  curve  for 
di-2-ethylhexyl  sebacate  is  shown  in  Figure  3>  It  can  also  be  noted  that 
unsubstituted  polyphenyl  ethers  have  initial  decomposition  temperatures  above 
800»F.  For  example,  both  bis(m-phenoxyphenyl)  ether  (mm-4P3E)  and  bis(p- 
phenoxyphenyl)  ether  (pp-4P3E)  did  not  show  decomposition  until  a  temperature 
of  835®F  was  reached.  The  higher  molecular-weight  ethers,  m-bis(m-phenoxy- 
phenoxy) benzene  (mmm-5P4E)  and  m-bletm-(p-phenoxyphenoxy)phenoxy]  benzene 
(pmmmp-7P6E),  had  even  higher  initial  decomposition  temperatures. 

Oxidation  Stability 

All  pure  samples  of  unsubstituted  polyphenyl  ethers  that  have  been 
examined  have  shown  outstanding  oxidation  stability.  The  first  samples  of 
meta-linked  ethers  that  were  synthesized  had  disappointingly  low  stability 
but  subsequent  work  has  shown  that  this  was  due  to  the  presence  of  less  than 
10^  of  an  impurity  that  could  not  be  removed  by  ordinary  purification  methods 
such  as  distillation  or  chromatography.  Evidence  to  date  Indicates  that 
the  impurity  differs  from  the  main  product  only  by  the  presence  of  an 
oxidatively  unstable  methyl  group.  Syntheses  tdilch  avoid  formation  of  this 
impurity  are  under  development. 

The  very  high  oxidation  stability  of  polyphenyl  ether  derivatives 
compared  to  more  conventional  lubricant  types  is  shown  in  Figure  4.  In  this 
figxjre  the  stable  life  (time  in  hours  required  for  the  absorption  of  0.5 
mole  of  oxygen  per  500  g  of  ether)  in  the  Domte  Oxidation  test  has  been 
plotted  against  the  test  temperature.  With  most  oils,  the  rate  of  oxidation 
roughly  doubles  for  each  IS^F  (10®C)  rise  in  test  temperature.  It  is  evident 
that  presently  used  oils  typified  by  the  ester-based  Mlt-L-'TSOSc  lubricants 
have  very  short  lives  at  temperatures  above  400®F.  Selected  alkyl-substit¬ 
uted  ethers  such  as  tert-butylated  bis(p-phenoxyphenyl)  ether  and  l-(p-a- 
cumyljAienoxy)-  (mixed  2,  3  and  4)-phenoxybenzene  are  highly  resistant  to 
oxidation  at  temperatures  as  high  as  473-300®F.  The  unsubstituted  ethers  are 
nearly  as  stable  as  m-terphenyl  and  show  good  oxidation  stability  at  600®F. 

This  200 ®F  temperature  advantage  of  unsubstituted  ethers  over  ester  lubricants 
represents  over  a  thousand-fold  improvement  in  oxidation  resistance. 

Effect  of  Radiation  on  the  Oxidation  StsbiUt.v  of  Artanatic  Compounds 

As  is  the  case  for  all  aromatic  compounds,  the  oxidation  resistance 
of  polyphenyl  ethers  is  severely  reduced  by  very  high  dosages  of  radiation. 

The  reduction  in  stability  caused  by  various  levels  of  radiation  is  shown 
in  Figure  5;  m-terphenyl,  phenanthrene,  triphenyl -p-biphenylylsilane, 
methyl  ihenyl  silicone  (DC  710  fluid)  etc.,  were  similarly  affected.  The 
samples  were  hradiated  in  a  nitrogen  atmosphere  with  electrons  from  a 
3Mev  Van  de  Graaff  generator  and  then  their  oxidation  rate  was  measured  in  the 
Domte  oxidation  apparatus.  Though  these  aromatic  materials  loose  stability 
d\iriiig  inadiation,  it  is  evident  that  they  are  far  less  sensitive  than  aromatic 
esters  or  alljdiatic  esters  containing  inhlbltoTB- 
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Dornte  (500®F  test)  oxygen  absorption  rate  curves  for  bis (p-phenoxy- 
phenyl)  ether  irradiated  to  various  levels  are  shown  in  Figure  6.  It  can  be 
seen  that  the  oxygen  absorption  rate  for  the  unirradiated  ether  is  very  low 
and  essentially  linear.  In  contrast,  all  irradiated  samples  absorbed  oxygen 
rapidly  for  a  short  time  axuJ  then  the  oxygen  absorption  slowed  to  a  linear 
rate  somewhat  above  that  of  the  unirradiated  material.  The  amount  of  oxygen 
absorbed  during  the  initial  period  of  rapid  oxidation  and  the  slope  of  the 
final  linear  rate  both  increased  considerably  with  irradiation  level.  With 
bis(p-phenoxyphenyl)  ether,  the  initial  absorption  and  final  rate  became  large 
when  irradiated  to  levels  above  5.5  x  10^°  ergs/g.  Similar  oxidation  rate 
curves  and  upper  irradiation  limits  were  found  with  m-terphenyl.  Figure  7. 

The  initial  rapid  oxidation  of  irradlatlated  polyphenyl  ethers  shown 
in  the  above  tests  appears  to  be  largely  due  to  the  presence  of  phenolic 
degradation  products.  INhen  bis(p-phenoxyphenyl)  ether  was  Irradiated  to 
1.1  X  10^°  ezgs/g,  approximately  0.6^  phenolic  materials  were  formed.  At  a 
level  of  5.5  X  10*°  ergs/g,  nearly  7^  phenolic  ccxnpounda  were  present  and  at 
5.5  X  10^^,  approximately  25^  of  jdienolic  compounds  were  iivdicated.  No 
phenolic  materials  were  found  in  the  m-terphenyl  or  phenanthrene,but  degra¬ 
dation  products  Just  as  harmful  to  oxidation  stability  were  produced.  The 
ccmposltion  of  these  unstable  degradation  products  is  not  yet  Imown. 

Lubrication  Characteristics 

Polyphenyl  ether  derivatives  exhibited  low  wear  in  one-hour  Four-Ball 
wear  tests  at  400®F  (600  rpm,  l/2-inch  diameter  52-100  steel  balls).  As 
illustrated  in  Figure  8,  the  wear  scars  of  unsubstituted  ethers  at  various 
loads  are  very  similar  to  those  obtained  with  di-2-ethylhexyl  sebacate  and  very 
much  lower  than  the  scars  obtained  with  0,0-quaterphenyl.  The  wear  character¬ 
istics  of  bi8(p-phenoxyphenyl)  ether  (pp-4P3E)  and  bis(m-phenoxyphenyl)  ether 
(mm-4P3E)  were  essentially  identical.  Alkyl-substituted  ethers  such  as  tert- 
butylated  bis(p-phenoxyphenyl)  ether  showed  even  less  wear. 

Preliminary  high-temperature  gear  tests  indicate  that  the  substituted 
ethers,  tert-butylated  bis(p-phenoxyphenyl)  ether  and  l-(p-a-cumylphenoxy)-4- 
phenoxybenzene  have  load  carrying  capacities  similar  to  that  of  di-2-ethylhexyl 
sebacate  and  somewhat  greater  than  those  of  petroleum  oils  of  equal  viscosities. 
Additional  gear  and  bearing  tests  are  planned. 

Synthesis  of  Meta-Linked  Polvphenyl  Ethers 

Preparation  of  meta-linked  polyphenyl  ethers  depends  on  successful 
synthesis  of  such  itennedlates  as  m-phenoxyphenol,  m-bromophenyl  phenyl  ether 
and  m-dibromobenzene.  Several  possible  routes  to  some  of  these  compounds  are 
shown  in  Figure  9.  Initial  preparations  of  polyphenyl  ethers  made  using 
m-phenoxyphenol  based  on  the  methyl  ether  of  resorcinol,  route  A,  had  very  poor 
oxidation  stability.  It  was  found  that  the  instability  was  due  to  the  presence 
of  a  small  amount  of  product  that  contained  methyl  groups  on  the  benzene  rings. 
Route  B  avoided  this  difficulty  and  very  stable  products  can  be  made  from  the 
m-phenoxyphenol  thus  synthesized. 
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The  reaction  of  various  intermediates  in  the  UUjaann  ether  synthesis 
to  produce  bls(m-phenoxyphenyl)  ether  and  m-bis(m-|dienoxyphenoxy)benBene  are 
also  illustrated  in  Figure  9* 

Summary  of  the  Properties  of  Promising  Polyphenyl  Ethers 

The  properties  of  promising  polyjdienyl  ethers  are  compared  with  those 
of  a  typical  MIL-L-7808C  diester  lubricant  in  Table  IV.  The  thermal  and 
oxidati<Hi  stability  of  the  polyphenyl  ethers  is  excellent.  For  applications 
where  the  maximum  stability  is  needed,  unsubstituted  ethers  would  be  the 
logical  choice.  The  liquid  ethers  bls(m>|dienoxyxhenyl)  ether  and  m-bis(m- 
phenoxyphenoxy)benzene  are  promising  representatives  of  this  class  of  compounds. 

Selected  alkyl-substituted  ethers  are  somewhat  less  stable  than  the 
unsubstituted  compounds  but  they  should  find  application  where  conditions  are 
much  too  severe  for  ordinary  oils.  Ethers  such  as  l-(p-a-oumylphenoxy)- 
(ndxEd  2-,  3  and  ^Hjhenoxybenzene  and  tert-butylated  bis  p-phenoxyphenyl)  ether 
are  the  best  candidates  for  these  applications. 

Conclusions  and  Future  Plans 


The  polyphenyl  ethers  show  great  promise  for  use  as  lubricants  in  the 
presence  of  radiation  at  high  temperatures.  The  relatively  high-melting 
para-linked  ethers  have  been  most  thoroughly  studied  but  initial  work  indicates 
that  the  liquid  meta-llnked  coDqpotmds  are  just  as  stable.  The  preparation  of 
the  meta  derivatives  is  difficult  but  very  encouraging  results  have  been 
obtained  in  the  search  for  practical  syntheses. 

In  the  future,  evaluation  of  the  meta-linked  ethers  will  be  expanded 
to  inclxide  performance  in  actual  gear  and  bearing  test  rigs. 
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Table  IV.  PROPERTIES  OF  PRCMISIHG  POK 
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Figure  2.  AVERAGE  VISCOSITY  INCREASE 
OF  POLYPHENYL  ETHERS  DURING 
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Figure  3.  INITIAL  DECOMPOSITION  TEMPERATURE 
CURVES  FOR  VARIOUS  POLYPHENYL  ETHERS 
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Figure  4.  EFFECT  OF  TEMPERATURE  ON  THE  OXIDATION 
STABILITY  OF  POLYPHENYL  ETHERS 
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Figure  5.  EFFECT  OF  RADIATION  ON  THE  OXIDATION 
STABILITY  OF  VARIOUS  MATERIALS 
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Figure  6.  EFFECT  OF  RADIATION  ON  THE  OXIDATION 
STABILITY  OF  BIS  (p-PHENOXYPHENYL)  ETHER 
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Figure  7.  EFFECT  OF  RADIATION  ON  THE  OXIDATION 
STABILITY  OF  m-TERPHENYL 
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ABSTRACT 

It  is  v7ell-knovn  that  nuclear  radiation  produces  permanent 
damage  to  electronic  components.  This  damage  is  associated  with 
the  displacement  of  atoms  from  their  normal  sites  in  crystals 
and  molecules.  The  advent  of  very  intense  sources  of  ionizing 
radiation  has  introduced  another  problem  into  electronic  cir¬ 
cuitry-  -the  transient  electrical  conductivity  induced  in  other- 
i^ise  poorly  conducting  materials.  This  conductivity  is  due  to 
the  electron  excitation  produced  by  the  ionizing  radiation. 

Experiments  have  been  performed  to  measure  the  magnitude 
of  these  effects  The  radiation  source  used  was  an  electron 
lineap  accelerator  capable  of  delivering  dose  rates  in  excess 
of  lO'^  rad/sec  during  10-tisec  pulses.  The  materials  which  have 
been  studied  include  resistors,  capacitors,  and  semiconducting 
diodes. 

The  .apparent  resistance  of  a  megohm  resistor  during  the 
irradiation  'VTas  less  than  2  x  10^  ohms.  However,  this  effect 
was  proved  to  be  due  primarily  to  the  ionization  of  the  air 
surrounding  the  component  and  its  leads.  Transient  conductivity 
of  0.  megohjn  resistor  encapsulated  in  an  evacuated  container 
was  not  detectable  in  these  experiments.  However,  electrical 
effects  were  observed  even  in  this  case.  These  effects  were 
associated  with  electrons  being  emitted  by  the  component  and  its 
leads  during  the  irradiation  (i.e.,  photoeffect). 

Capacitors  exhibit  the  same  type  of  beha\ior  as  resistors. 

The  data  clit.  bo  interpreted  in  terras  of  a  mean  trapping  time 
for  the  carriers  which  arc  induced  in  the  dielectric  by  the 
radiation.  This  trapping  time  in  the  dielectric  of  a.  mica  capaci¬ 
tor  has  been  show,  to  be  less  than  2  x  10"b3  sec.  This  value 
indicates  that  the  product  of  trap  density  and  trap  concen¬ 
tration  is  greater  than  2  x  10^  cm“^,  a  quantity  which  is 
unexpectedly  large. 
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Rectifying  semiconducting  junctions  are  affected  drastically 
ty  ionizing  radiation.  Reverse  currents  as  large  as  100  ma  can 
be  obsein/-ed  during  intense  radiation,  and  pulses  containing  as 
little  as  0.1  rad  delivered  during  10  [isec  have  appreciable 
effects  (>50  ^a  reverse  current  in  a  1N91  diode). 

These  effects  can  have  significant  influence  on  circiilts 
which  may  be  exposed  to  intense  ionizing  radiation.  Future 
experiments  are  planned  to  study  in  detail  the  effects  in  insu¬ 
lators  and  semiconductors  and  to  evaluate  quantitatively  the 
effect  of  the  surrovuading  air. 

INTR0I3UCTI0N 


The  term  "radiation  damage"  usually  refers  to  effects  on  materials 
associated  with  the  displacement  of  atoms  from  their  usual  sites.  Such 
displacements  may  res\ilt  in  disruption  of  a  crystal  lattice  or  modification 
of  chemical  bonds.  Depending  on  the  exact  mode  of  damage  and  the  thermal 
excitation  of  the  atoms  ( tenperature ) ,  the  effects  may  anneal,  with  time 
constants  varying  from  a  small  fraction  of  a  second  to  many  years. 

Another  effect  which  high-energy  radiation  has  on  materials  is  to 
excite  electrons  from  their  ground  states  in  atoms  and  crystals  into  excited 
states  and  free -conduction  states.  This  effect  is  the  same  as  the  phe¬ 
nomenon  of  photoconductivity.  In  both  cases,  electrons  are  excited  into 
states  ^ere  they  are  free  to  move  under  the  influence  of  applied  electric 
fields.  Ih  metals,  the  nximber  of  conduction  electjrons  is  normally  so  very 
large  that  available  radiation  sources  will  not  be  able  to  increase  the 
conductivity  appreciably.  On  the  other  hand,  effects  can  be  observed  at 
the  surface  of  metals,  because  excitation  of  electrons  to  energies  greater 
than  the  work  function  can  liberate  them  from  the  surface.  This  effect  is 
the  same  as  the  photoelectric  effect.  In  semiconducting  materials,  the 
normal  free  electron  (or  hole)  density  is  small  enough  that  appreciable 
modifications  to  the  conductivity  can  be  induced  by  irradiation.  The 
extra  carriers  induced  have  lifetimes  ranging  from  fractions  of  a  micro¬ 
second  to  milliseconds,  depending  on  the  purity  of  the  material.  In 
insulators,  the  carriers  which  can  be  generated  during  a  short  pvilse  of 
radiation  1  ^isec)  exceed  the  normal  concentration  by  many  orders  of 
magnitude.  However,  the  mean  trapping  times  are  so  very  short  (<  10"^^  sec) 
that  the  equilibrium  density  of  carriers  at  any  moment  may  be  small.  In 
gases,  the  effect  of  even  small  eunounts  of  radiation  on  conduction  is  well 
known.  For  example,  ionization  chambers  are  known  to  be  sensitive  to  trav¬ 
ersal  by  a  single  ionizing  particle.  A  number  of  conplications  do  occxir 
at  high  ionization  rates,  particularly  in  gases,  such  as  air,  which  contain 
molecules  with  a  large  electron -attachment  cross  section. 


The  purpose  of  the  prellnjuary  eaqperlnents  tihlch  are  reported  in  this 
paper  has  heen  to  establish  the  order  of  Magnitude  of  these  various  effects 
Bsperlnents  uhlch  are  nov  In  parogress  with  a  sugperlor  Irradiation  faicillty 
will  give  more  accurate  qaantltative  results  to  siqpport  detailed  theoret¬ 
ical  analysis. 


KggRIKHfTAL  BtUIHCW 

Bie  preliminary  experiments  utilized  the  electron  beam  of  a  7-Mev 
electron  linear  accelerator  as  the  ionizing  source.  This  machine,  located 
at  the  Applied  Radiation  Corporation,  Walnut  Creek,  California,  produces 
pulses  of  10-n,sec  duration,  during  vhlch  a  flux  as  large  as  10^°  elec- 
trans/cm^-sec  can  be  achieved.  Di  terns  of  energy  deposited,  this  flux 
amounts  to  a  dose  of  approximately  3  x  10°  rad/sec,  or  an  Ionization  rate 
of  approximately  10^  electron-ion  pairs  per  second  per  gram  of  absorber. 
Lover  intensities  can  be  achieved  by  moving  the  sample  avay  from  the  out¬ 
put  window  on  the  accelerator,  interposing  absorbers,  or  converting  the 
beam  to  a  bremsstrahlung  gaasa-ray  beam,  neither  the  energy  of  the  elec¬ 
trons  nor  the  pulse  duration  are  adjustable. 

To  observe  the  transient  conductivity  of  a  sample,  it  was  placed  in 
a  circuit  with  a  series  resistance  and  battery,  and  the  voltage  across  the 
component  was  observed  daring  and  erfter  the  radiation  pulse.  Hue  time  res¬ 
olution  was  limited  by  the  capacitance  of  the  input  cable  and  preaaplifler 
(—20 


Some  serious  problems  were  encountered  during  the  Initial  ejqperiments. 
Because  of  the  proximity  of  the  high-current  pulse  circuitry  in  the  linear 
accelerator,  it  was  necessary  to  provide  thorou^  electrcxnagaetlc  shielding 
of  the  entire  electronic  system.  Furthezmore,  stray  beam  electrons  tdilch 
stop  in  conductors  or  insulators.  Including  the  input  cable  and  the  sample 
being  tested,  produce  a  negative  slgoal  not  due  to  radiation-induced 
transient  ccnductlvlty.  It  was  therefore  necessary  to  provide  adequate 
nuclear-radiation  shielding  around  the  cables  and  amgpllflers. 

The  current  experiments  are  being  perfoxned  with  a  304lev  electron 
linear  accelerator  at  General  AtoBd.c.  It  is  being  operated  near  I5  Mev, 
and  is  capable  of  continuous  adjustment  of  energy  ip  to  30  Nev,  beam 
current  up  to  300  ma,  pulse  length  from  0.5  to  5  jisec,  and  pulse  repe¬ 
tition  rate  \p  to„720  pulses  wr  second.  The  electron  beam  can  achieve 
a  flux  of  5  X  10^°  electrons /car -sec,  or  a  factor  of  500  greater  than  in 
the  experiments  reported  here.  Continuous  variability  of  all  beam  param¬ 
eters  from  the  control  room  is  also  a  very  useful  feature,  nie  results  of 
these  experiments,  xdilch  are  designed  to  measure  quantitatively  the  effects 
over  a  vide  intensity  range,  will  be  reported  in  the  future. 
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TBANSIEMT  CONDUCTIVITY  IN  SOLID  INSULATORS 


The  initial  ej^eriments  on  the  radiation-induced  transient  conductivity- 
in  solid  insulators  were  performed  on  a  half -watt  carhon-composition  resis¬ 
tor  of  1-megohm  value  and  a  lOO-ujif  mica  capacitor.  The  entire  surface  of 
the  component,  as  well  as  the  attached  leads,  was  subjected  to  the  electron 
beam,  -vrtiich  has  an  intensity  of  up  to  2  x  10^°  electrons/cm^-sec.  .During 
this  irradiation,  the  resistor  appeared  to  drop  in  value  to  2  x  10^  ohms. 
Like-wip,  the  mica  capacitor  appeared  to  have  a  leakage  iresistance  of 
7  X  10^  ohms  during  irradiation. 


Subsequent  experiments  ha-ve  been  perfomed  in  which  the  radiation  was 
collimated  to  strike  the  con^ranent  only,  others  in  -which  the  con^jonent  -was 
remo-ved  but  its  leads  were  left  in  place,  and  finally,  some  in  -which  the 
con^jonents  -were  encapsulated  inside  an  e-vacuated  container.  These  experi¬ 
ments  proved  that  the  effect  observed  previously  -was  due  to  conduction  in 
the  STirrounding  air,  -which  -was  also  ionized  by  the  radiation  source.  Ac- 
t\ially,  -vrtien  the  air  contribution  is  eliminated,  the  transient  resistance 
of  either  the  megohm  resistor  or  the  mica  capacitor  was  greater  than  a 
megohm  during  the  same  irradiation.  From  these  data,  it  is  possible  to 
place  an  upper  limit  on  the  carrier  trapping  time  in  the  material.  Of  the 
data  on  a  resistor  and  a  capacitor,  the  limit  on  the  resistance  of  a  capac¬ 
itor  is  the  more  restricti-ve. 


The  following  estimates  are  based  on  a  sinple  mechanism  for  transient 
conducti-vity.  The  radiation  produces  carriers  (free  electrons)  at  a  known 
rate.  These  carriers  drift  in  the  applied  electric  field  until  they  are 
trapped.  Only  -while  they  drift  do  they  contribute  to  the  transient  current. 
To  relate  the  calculated  conductivity  to  the  observed  resistance,  it  is 
necessary  to  loiow  the  dimensions  of  the  insiolator  (or  dielectric),  but 
these  can  be  inferred  from  the  dimensions  of  the  capacitor. 

If  it  is  ass-uraed  that  carriers  are  produced  at  the  rate  N'  per  -unit 
volume  per  second,  then  the  equilibrium  concentration  is  N'T,  where  t  is 
the  mean  trapping  time.  If  the  mobility  of  the  carriers  is  "the  resist¬ 
ance  is 


R  = 


a 

N'-rquA 
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-vrtiere  A  and  a  are  the  area  euid  thickness  of  the  dielectric,  respectively, 
and  q  is  the  electronic  charge.  For  a  capacitor,  the  ratio  of  the  dimen¬ 
sions  equals 


A  C  ' 

\diere  K  is  the  dielectric  constant,^  is  the  permitl-vity  of  free  space 
(8.85  X  10“^^  farads/cm),  and  C  is  the  capacitance. 


k 


The  mean  trapping  time,  r,  can  he  evalmted  in  turn,  if 
a  trap  density  N,  a  cross  section  6,  and  an  electron  thermal 


one  assumes 
velocity  v: 


Hence 


R  = 


N'qpC 


In  the  case  of  the  capacitor,  the  following  reasonable  values  are 
assumed: 

K  =  10, 

*7 

V  =  10  cm/sec, 

N'  =  10^^/cm^-sec, 
p,  =  100  cm^/volt-sec, 
cf  =  10  cm^, 

R  >  10^  ohms. 


Hence 
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H  >  2  X  10  cm 


This  concentration  appears  to  be  unusually  large,  but  it  cannot  be 
disregarded  since  the  other  numbers  as8\aned  in  the  calculation  could  be 
subject  to  large  errors.  Current  experiments,  which  profit  from  an  extra 
factor  of  500  in  intensity,  should  resolve  this  question. 

TRANSIENT  REVERSE  CONDUCTIVITY  ACROSS  P-N  JUNCTIONS 


Ionizing  radiation  incident  on  semiconducting  material  excites  elec¬ 
trons  from  the  valence  band  into  the  conduction  band.  At  a  p-n  Junction, 
the  concentration  of  minority  carriers  can  be  changed  drastically  by  irra¬ 
diation,  and  the  rectifying  properties  of  the  junction  can  be  altered. 
Observations  on  p-n  junctions  provide  a  convenient  method  for  studying  the 
behavior  of  minority  carriers  during  irradiation. 

During  the  experiments  the  diodes  were  observed  tmder  these  conditions: 

1.  The  voltage  across  the  diode  was  observed  by  an  an^jlifier  with  an 
input  in^iedance  of  2  megohms. 
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2.  The  diode  was  biased  in  the  reverse  direction  throng  a  resistor 
large  enou^  that  the  voltage  across  the  diode  during  irradiation 
became  zero  (actually,  sli^tly  positive). 

3-  The  diode  was  biased  in  the  reverse  direction  throu^  a  smaller 
resistor  so  that  the  voltage  across  the  diode  always  remained 
negative . 

The  following  siit^jlified  theory  has  been  developed  to  predict  the 
results  for  these  three  cases: 

The  effect  of  the  irradiation  is  to  introduce  hole-electron  pairs  at 
a  rate  proportional  to  the  intensity.  It  is  assumed  that  the  extra  major¬ 
ity  carriers  have  a  negligible  effect.  It  is  also  assumed  that  most  of  the 
current  is  carried  across  the  Junction  by  one  type  of  carrier  (e.g. ,  holes, 
to  be  specific).  The  quantity  K'  is  defined  as  the  ratio  between  the 
rate  at  which  extra  holes  are  produced  per  unit  volume  and  the  normal  hole 
concentration.  Hence  the  holes  are  being  created  by  the  radiation  at  a 
rate  K'Pn/cm’-sec,  where  pj^  is  the  normal  density  of  holes  (minority  car¬ 
riers  ) . 

When  the  diode  is  placed  in  a  hi^-in^dance  circuit,  the  current  a- 
cross  the  Junction  is  negligibly  smeill  and  the  concentration  of  minority 
carriers  as  a  function  of  time  during  irradiation  is 

•vdiere  r  is  the  minority-carrier  lifetime.  The  photovoltage  y  is  determined 
by  this  concentration: 

V(t)  =  ^  log  ^  log  [l  +  r  K'(t')e"^’'^"''^'^^  dt] 

<1  Pn  ^  L  Uo  -J 

(after  the  pulse)  =  ^  log  [l  +  , 

where 

K’(t')e*’/^  dt'  ; 


t_  is  the  beam  pulse  length. 

O 
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As  long  as  the  excess  carrier  concentration  is  large  congpared  to  the 
eijollihrlum  value,  the  photovoltage  decays  linearly  with  a  slope 

dt  "  ■  q  r  ■ 

When  the  diode  is  subjected  to  a  constant  reverse  current  during  its 
recovery  period,  the  calctilation  involves  the  solution  to  the  time -depend¬ 
ent  diffusion  equation  for  a  diode  with  a  boundary  condition  on9p/  x 
at  the  J\inction.  The  solution  to  the  equation  has  been  carried  out  ap¬ 
proximately  to  evaluate  the  time  at  which  the  voltage  is  zero  and  becoming 
negative.  This  recovery  time,  tj.,  is  given  by  the  equation 
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\rtiepe 


K'(t')  dt* 


) 


Is  =  qApnvI^/r  is  the  normal  reverse  saturation  cvirrent, 
constant  reverse  current  during  the  recovery  period.  It 
in  this  equation  that  the  positive -voltage  condition  was 
short  fraction  of  the  time  r. 


and  Ip  is  the 
has  been  assumed 
established  in  a 


If  the  voltage  across  the  diode  remains  negative  so  that 

^-,V/KP  ^ 


the  current  across  the  junction  is  determined  by  the  excess  carriers.  The 
same  diffusion  equation  is  solved  with  a  constant  boundary  condition  that 
Pq(x  =  0)^0.  The  current  is  then 

I  =  Ig[l  +  K’r  erf  V^] 
and  is  independent  of  the  applied  voltage. 


The  phenomena  described  above  can  be  observed  most  conveniently  on  a 
long -lifetime  diode  such  as  1N91-  The  recovery  time,  during  which  the 
reverse  cvirrent  is  almost  constant,  is  plotted  as  a  function  of  reverse 
current  in  Fig.  1.  The  minority-carrier  lifetime  in  this  diode  is  11  (isec 
as  measured  by  observing  the  recovery  time  following  a  sudden  reversal 
of  the  voltage  across  the  diode.  The  lifetime  inferred  from  the  semilog 
plot  of  Pig.  1  appears  to  be  a  function  of  the  reverse  current. 
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Fig.  1 — Observed  recovery  times  for  1N91  diode 


8 


Furthermore,  if  the  theory  were  correct,  the  curves  for  the  three  different 
radiation  intensities  should  coincide.  Apart  from  these  discrepancies, 
the  experimental  c\irves  agree  qualitatively  with  the  theoretical  curve 
based  on  a  carrier  lifetime  of  11  (isec. 

There  are  some  data  on  the  transient  current  ■which  flows  during  irra¬ 
diation  when  the  series  inqjedance  is  sinall  enou^  to  allow  a  negative  volt¬ 
age  to  remain  across  the  diode.  When  a  1N91  diode  is  subjected  to  a 
reverse  -voltage  of  more  than  10  volts  during  irradiation,  the  transient 
current  increases  with  increasing  voltage.  A  typical  -value  of  the  cur¬ 
rent  is  50  ma  during  bombardment  -with  10^5  electrons/cm^-sec.  The  mag¬ 
nitude  of  this  current  appears  to  be  proportional  to  the  radiation 
intensity  as  predicted. 

The  observations  on  the  radiation-induced  photovoltage  indicate  that 
the  effective  minority-carrier  lifetime  is  not  constant  during  the  recovery 
period,  but  is  some-what  shorter  initial.ly.  It  is  th-us  indicated  that  the 
large  perturbations  caused  by  irradiation  with  ~10^^  electrci  .c/cm®  nolifies 
the  ordinary  trapping  process  to  enhance  the  trapping  probability.  This 
conclusion  would  be  in  ;.greement  with  the  obser-vations  on  reco-very  times, 
in  which  the  lifetimes  calculated  from  the  slope  of  the  curve  of  recovery 
time  -versus  reverse  current  appear  to  be  shorter  than  those  measured  by 
more  conventional  techniques  This  obser-vation  is  also  consistent  -with 
the  Shockley-Reed  formulation  of  trapping  phenomena. 

PHOTOELECTRIC  EJECTION  OF  ELECTRONS 


Some  experiments  have  been  performed  to  measure  the  conductivity  of 
some  ionized  gases,  including  air,  but  the  results  of  these  are  somewhat 
in  question  and  -will  not  be  reported.  Howe-ver,  during  these  experiments 
it  has  been  demonstrated  that  sizeable  currents  of  electrons  can  be  emitted 
from  metal  surfaces  placed  in  an  electric  field  and  simultaneously  subjec¬ 
ted  to  ionizing  radiation.  These  effects  have  not  j^et  been  studied  quan- 
ti-tatively,  but  they  do  enphasize  that  experiments  on  transient  conducti-vlty 
are  beset  with  difficulties.  E-ven  placing  a  component  and  its  leads  in  an 
evacuated  container  does  not  necessarily  ensure  that  the  observed  current 
went  throu^  the  conponent  rather  than  along  a  bypass.  Very  careful 
design  of  experiments  is  needed,  keeping  all  of  these  effects  in  mind,  to 
measure  acc-urately  the  transient  conducti-vity  in  solids. 

CONCLUSION 


Electronic  conponents  and  systems  \diich  are  called  upon  to  function 
in  an  environment  containing  intense  ionizing  radiation — either  as  a  short 
pulse  or  continuously — ^may  malfunction  because  of  the  transient  conducti-vity 
produced  by  the  radiation. 


9 


The  most  sensitive  devices  are  semiconductor  rectifying  junctions, 
such  as  those  found  in  p-n  junction  diodes  and  transistors.  In  both  cases 
reverse  currents  cein  increase  many  orders  of  magnitude  dxxring  irradiation. 
Experiments  have  been  performed  during  which  the  damage  was  still  evident 
after  irradiation  for  a  time  up  to  ten  times  the  minority-caiuder  life¬ 
time. 


The  next  most  sensitive  part  of  the  electronic  circuit  is  the  gas 
which  surrounds  the  con^wnents.  Possibly,  suitable  potting  of  all  metal 
parts  will  eliminate  effects  due  to  ionization  of  the  surrounding  air. 
Effects  due  to  the  photoelectric  emission  of  electrons  from  surfaces  in 
a  vacuum,  e.g. ,  vacuum  tubes,  have  not  been  checked  yet. 

The  magnitude  of  the  transient  conductivity  in  some  solid  Insulators 
is  unexpectedly  small  and  has  not  been  determined  quantitatively.  Cuarrent 
e:q?eriments  should  produce  the  desired  measurements. 
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RADIATION  EFFECTS  ON  ELECTRICAL  INSULATION 


by 

J.  F.  Hansen 

Battelle  Memorial  Institute 
and 

M.  L.  Shatzen 

Lockheed  Aircraft  Corporation 

Eight  types  of  insulated,  electrical  wire  were  irradi¬ 
ated  to  a  dose  of  about  1  x  lO^^  ergs/g(C)  at  temperatures 
of  15,  and  100  C,  and  relative  humidities  of  0  and  63 
per  cent  at  each  temperature  in  a  cobalt-60  gamma  source. 

Electrical  resistance  was  measured  before,  during,  and  after 
irradiation;  preirradiation  and  postirradlatlon  breakdown 
voltage  measurements  were  made,  and  the  specimens  were  ex¬ 
amined  visually  for  signs  of  physical  deterioration  after 
irradiation. 

All  Insulations  exhibited  a  loss  in  initial  resistance 
of  at  least  99  per  cent  at  one  or  more  of  the  Irradiation 
conditions.  Serious  deterioration  of  mechanical  properties 
was  observed  for  all  except  two  polyethylene  Insulations. 

In  general,  beet  performance,  from  the  standpoint  of  elec¬ 
trical  properties,  was  obtained  under  cool,  dry  conditions. 

On  the  average,  high  temperature  had  a  greater  detrimental 
effect  than  high  humidity.  The  temperature  effect  was  most 
pronounced  between  13  and  33  C. 

For  general-purpose  use  in  a  radiation  field,  under  a 
variety  of  temperature  and  humidity  conditions,  polyethylene 
appears  to  be  superior  to  the  other  materials  studied. 

However,  under  specific  controlled  temperatures  and  humidities 
some  of  the  other  materials  may  be  preferred. 

INTRODUCTION 

A  program  to  study  the  effects  of  gamma  irradiation  on  electrical 
Insulation,  fuel  tank  materials,  and  radome  laminates,  sponsored  by 
The  Lockheed  Aircraft  Corporation,  was  conducted  by  Battelle  Memorial 
Institute.  This  paper  covers  the  portion  of  the  program  dealing  with 
electrical  insulation. 

A  series  of  six  irradiations  were  made  at  different  environmental 
conditions,  to  determine  relative  effects  of  radiation,  temperature,  and 
humidity  upon  various  insulation. 

Eight  types  of  insulated  electrical  wire  were  irradiated  in  a 
Co-60  gamma  source  to  a  dose  of  about  10^®  erg6/g(C)  at  temperatures  of 
15,  55,  and  100  C,  and  relative  humidities  of  0  and  65  per  cent  at  each 
temperature.  Electrical  resistance  was  measured  before,  during,  and 
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after  irradiation;  preirradiation  and  postirradiation  breakdown  voltage 
measurements  were  made,  and  specimens  were  examined  visually  for  signs  of 
physical  deterioration  after  irradiation. 

All  insulations  exhibited  a  loss  in  initial  resistance  of  at  least 

199  per  cent  at  one  or  more  of  the  irradiation  conditions.  Serious 

deterioration  of  mechanical  properties  was  observed  for  all  except  two 
polyethylene  insulations.  In  general,  best  performance,  from  the  stand¬ 
point  of  electrical  properties,  was  obtained  under  cool,  dry  conditions. 

I  On  the  average,  high  temperature  had  a  greater  detrimental  effect  than 

f  humidity.  The  temperature  effect  was  most  pronounced  between  15  and  55  C. 

i 

i  EXPERIMENTAL  PROCEDURES 


i 

I 

) 

I 


Set-Up 

All  irradiations  of  electrical  insulation  was  conducted  in  Battelle's 
cobalt-60  gamma  source  which  is  located  at  the  bottom  of  a  l4-foot-deep 
water  pool.  Approximately  2000  curies  were  used  for  these  experiments. 
Wire  samples  to  be  irradiated  in  this  source  were  enclosed  in  a  water¬ 
tight  container  with  provisions  made  to  bring  lead  wires  to  the  surface 
of  the  pool.  The  watertight  container  in  final  form,  as  used  in  these 
experiments,  consisted  of  an  aluminum  cylinder  about  4  inches  in  diameter 
and  12  inches  long  with  a  bolt-on  cap.  A  l4  foot  piece  of  2  inch  pipe, 
through  which  all  lead  wires  were  carried  to  the  pool-side,  was  attached 
directly  to  the  cap.  The  wire  samples  were  wound  on  a  brass  tube  which 
was  placed  in  a  1  quart  vacuum  bottle  filler  prior  to  placing  in  the 
aluminum  cylinder.  The  heating  element  and  a  container  for  salt  solution 
to  maintain  constant  humidity,  were  placed  inside  the  brass  tube.  The 
brass  cylinder  upon  which  all  samples  were  wound  served  as  the  common 
terminal  for  all  measurements. 


Experiments 


Six  irradiations  were  made  at  total 
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.Samples 


doses  approximating  10^®  ergs/ 
X  10^^).  The  environments  for 


The  effect  of  radiation  on  the  following  insulated  electrical  wires 
was  investigated: 


No.  8  gage  wire,  MIL-W-7072 


No.  16  gage  cable,  Ty-l-Cl-A 
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No.  l8  gage  cable,  MIL-W-7139A 
No.  16  gage  wire,  MIL-W-8777 
No.  l8  gage  cable,  LAC-1~135B 
Suprenant  polyethylene 
No.  l8  gage  AWG  36,  polypropylene 
No.  18  gage  AWG  36,  polyethylene 
Measurements 


The  effects  of  radiation  were  determined  by  observing  electrical 
and  physical  characteristics  of  the  insulations  as  the  irradiation  pro¬ 
gressed.  Insulation  resistance,  breakdown  voltage,  and  visual  inspection 
of  the  physical  properties  were  the  means  used  to  determine  degradation 
of  the  insulation.  Also,  in  initial  experiments,  observations  were  made 
of  radiation-induced  voltages  and  the  rectification  effect.  Measuring 
equipment  used  for  the  experiments  was  as  follows: 

Insulation  resistance  was  measured  using  a  General  Radio  megohm- 
meter.  A  Kiethly  electrometer  was  used  to  measure  induced  voltage.  A 
Hypot  voltage  breakdown  tester  was  used  for  measuring  voltage  breakdown 
of  the  insulation.  A  Foxboro  temperature  controller  was  used  to  maintain 
a  constant  temperature  inside  the  capsule. 

For  all  irradiations.  Insulation  readings  were  made  immediately 
before  and  after  insertion  into  the  radiation  source  and  periodically 
thereafter  until  the  end  of  the  irradiation.  At  every  measurement, 
readings  were  made  both  in  and  out  of  the  field.  Voltage  breakdown 
measurements  were  made  at  the  beginning  and  end  of  each  irradiation  and 
periodically  during  the  first  irradiation.  Measurements  of  induced 
voltages  across  the  insulation  were  made  during  the  first  irradiation 
only,  as  they  proved  to  be  of  little  significance. 

Dosimetry  measurements  were  made  using  a  10-cc,  graphite  ion  chamber 
and  are  reported  in  units  of  ergs/g(C).  The  working  standard  used  for 
calibration  of  the  ion  chamber  was  the  copper-modified  ferrous  sulfate 
dosimeter.  Dosimetry  data  are  based  on  a  G-value  of  0.66  for  the  oxi¬ 
dation  of  ferrous  ion  and  the  relationship  that  100  ergs/g  absorbed  in 
the  dosimeter  solution  is  equal  to  90.9  ergs/g(C).  The  G-value  of  0.66 
for  the  copper-modified  ferrous  sulfate  system  is  equivalent  to  a  G-value 
of  15.5  for  the  normal  ferrous  sulfate  system. 

RESULTS 

Postirradiation  Visual  Examination 

The  effects  of  gamma  radiation  in  combination  with  temperature  and 
humidity  on  the  physical  characteristics  of  each  type  of  wire  as  deter¬ 
mined  by  visual  examination  are  presented  below.  The  visual  examinations 
were  made  after  completion  of  each  irradiation. 

No.  8  gage  wire  MIL-W-7072  is  an  8-gage  stranded  conductor  with  an 
outer  jacket  of  white  woven  fabric  which  is  coated  with  a  protective 
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coat  of  varniahlike  material.  Underneath  the  fabric  is  a  white  rubber¬ 
like  sheath.  After  irradiation  the  varnish  coating  is  sticky  to  touch 
and  has  turned  yellowish.  The  rubberlike  material  has  turned  brown  and 
has  lost  much  of  its  original  flexibility.  These  effects  become  much 
more  evident  with  increasing  temperature.  Doth  the  fabric  and  the  rubber 
were  almost  black  for  the  wires  irradiated  at  100  C.  Any  changes  due  to 
humidity  are  not  evident  visually. 

No.  16  gage  cable  Ty-l-Cl-A  has  a  white  fabric  outer  covering.  The 
next  layer  of  insulation  is  a  gray  fibrous  material,  probably  asbestos. 
Underneath  this  is  a  thin  layer  of  a  white  translucent  plastic  which 
appears  to  be  Teflon.  Irradiation  causes  the  fabric  to  deteriorate  so 
that  it  frays  very  easily.  The  asbestos  flakes  easily  when  handled.  The 
Teflon  was  completely  deteriorated,  and  crumbled  to  a  powder  when  handled. 
Temperature  and  moisture  had  no  great  effect  on  the  visible  physical 
properties  of  this  wire. 

No.  l8  gage  cable  MIL-W-7139~A  consists  of  an  outer  transparent 
plastic  coating,  a  light  tan  fabric  layer,  several  layers  of  another 
fabric,  and,  finally,  a  white  translucent  plastic,  probably  Teflon. 

After  irradiation,  the  transparent  plastic  was  slightly  yellowed  and 
very  brittle,  and  cracked  and  broke  at^ay  when  the  wire  was  bent.  The 
two  fabric  coverings  were  deteriorated  so  that  they  frayed  and  fell  apart 
when  touched.  The  Teflon  powders  when  touched.  Some  bleaching  of  the 
outer  fabric  is  evident.  Heat  and  moisture  appear  to  have  no  significant 
additional  effect. 

No.  16  gage  wire  MIL-W-8777  consists  of  a  tan  fabric  covering  (prob¬ 
ably  cotton),  a  white  fabric  layer  (appears  to  be  silk),  and  a  white 
rubber  insulation.  Irradiation  causes  deterioration  of  both  fabric 
coverings.  They  frayed  and  fell  apart  easily  when  handled.  The  rubber 
crumbles  like  soap.  It  will  not  withstand  bending  without  cracking. 

Heat  causes  darkening  of  the  fabric  and  decreases  the  flexibility  of  the 
wire.  Moisture  causes  no  significant  additional  effect. 

No.  l8  gage  cable  LAC-1-135B  consists  of  an  outer  transparent  plas¬ 
tic  coating,  a  tinned  copper  shield,  another  transparent  plastic  coating, 
a  white  fabric  layer,  and  an  inner  insulation  of  a  white  flexible  plastic. 
Both  plastic  layers  turned  yellow  and  became  very  brittle.  The  fabric 
frayed  easily.  The  inner  plastic  turned  brown  and  hardened  somewhat,  but 
is  still  moderately  pliable.  At  higher  irradiation  temperatures,  in¬ 
creased  darkening  of  the  outer  coatings  was  observed.  The  inner  plastic 
turned  almost  black  and  became  fairly  stiff  and  hard.  The  shield  corrodes 
somewhat  at  the  high  temperature.  Moisture  causes  no  apparent  effects. 

Suprenant  polyethylene  wire  consists  of  a  tinned  copper  shield  over 
white  polyethylene.  Radiation  causes  relatively  little  visual  change  in 
the  polyethylene  at  low  temperatures.  However,  at  high  temperature  the 
polyethylene  hardened  to  the  point  where  it  cracked  slightly  if  bent 
double.  High  temperature  produced  shield  corrosion.  I^oisture  produces 
no  visible  difference. 

No.  l8  gage  AWG  36  polypropylene  consists  of  a  tinned  copper  shield 
and  a  coating  of  polypropylene.  After  irradiation  the  polypropylene  was 
very  brittle  and  shattered  when  bent.  At  high  temperature  it  turned 
dark  brown  and  crumbled  so  badly  that  it  would  not  adhere  to  the  con¬ 
ductor  when  the  shield  was  pushed  back.  The  shielding  was  corroded. 
Moisture  had  no  visible  effect. 
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No.  18  gage  AWG  36  polyethylene  consists  of  a  tinned  copper  braid 
and  a  clear  polyethylene  coating.  At  low  temperature  the  polyethylene 
was  slightly  yellowed  and  somewhat  hardened  although  it  remained  quite 
pliable.  At  high  temperature  it  turned  a  dark  yellow-brown.  However, 
it  still  remained  fairly  felxible. 

Rectification  Effect  and  Induced  Voltage 

Measurements  made  on  the  samples  from  the  cold-moist  run  indicate 
no  significant  rectification  effect  due  to  irradiation.  Insulation  re¬ 
sistance  was  measured,  using  the  wire  samples  only,  with  the  25-foot 
lead  wires  removed,  first  with  the  conductor  on  the  positive  and  then  on 
the  negative  terminal  of  the  megohm  bridge.  No.  I6  gage  cable  Ty-l-Cl-A 
showed  a  reduction  in  insulation  resistance  of  50  per  cent  and  No.  I8 
gage  cable  LAC-1-135B  showed  a  reduction  of  about  35  per  cent  when  the 
conductor  was  changed  to  the  negative  termj.nal.  Other  samples  showed 
no  rectification  effect. 

The  measurement  of  voltages  induced  across  the  insulations  of  the 
samples  showed  nothing  significant.  Headings  varied  from  -0.8  to 
+9*0  volts,  but  followed  no  discernible  pattern.  Most  of  the  readings 
were  well  below  1  volt. 

Voltage  Breakdown 

Heat  and  moisture  appeared  to  have  relatively  little  effect  on  the 
voltage  breakdown  of  the  insulations.  The  one  notable  exception  was 
polypropylene,  which  has  a  very  low  breakdown  after  irradiation  in  the 
moist  condition.  At  the  high  temperature  it  deteriorated  so  badly  that 
the  postirradiation  breakdown  voltage  could  not  be  measured. 

Insulation  Resistance 


Figure  I  shows  the  variation  of  the  insulation  resistance  of  a 
polyethylene  sample  under  various  combinations  of  radiation,  temperature, 
and  humidity  which  is  representative  of  the  data  for  the  eight  wire 
types. 

The  insulation-resistance  data  does  not  produce  a  smooth  curve. 
However,  a  trend  of  decreasing  resistance  as  a  function  of  dose  is  evi¬ 
dent.  It  can  also  be  seen  that  high  temperature  has  a  detrimental 
effect  on  the  resistance.  Moisture  shows  the  greatest  damage  at  moderate 
temperature . 

All  wires  tested  show  a  degradation  of  insulation  resistance  with 
radiation  and  heat.  The  fabric  insulations  show  greater  moisture  damage 
than  do  the  plastics  such  as  polyethylene. 

Postirradiation-resistance  measurements  on  the  insulations  irradi¬ 
ated  in  the  cold-moist  experiment  were  continued  over  a  period  of  200 
hours  after  termination  of  the  irradiation.  Resistance  increases,  com¬ 
pared  with  the  final  out-of-source  measurement,  of  a  factor  of  20  for 
MIL-W-8777,  a  factor  of  100  for  Suprenant  polyethylene,  and  a  factor  of 
3  for  No.  18  gage  AWG  36  polyethylene  occurred  during  this  period. 

Changes  in  all  other  materials  were  less  than  a  factor  of  two. 
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DISCUSSION  AND  CONCLUSIONS 


In  order  to  draw  conclusions  about  the  behavior  of  the  eight  wire 
types  under  a  given  radiation  dose  and  various  environmental  conditions, 
a  statistical  analysis  of  results  was  performed.  The  unit  of  measure 
used  in  the  analysis  was  the  logarithm  of  the  ratio  of  insulation  resis¬ 
tance  after  exposure  to  a  radiation  dose  of  about  7.1  x  10^  ergs/g(C)  to 
the  initial  stabilized  insulation  resistance.  The  environmental  factors 
considered  were  temperature  (15,  55»  and  100  C),  humidity  (0  and  65  per 
cent  RH),  and  the  wire  location  at  measurement  (in  the  radiation  field  or 
out  of  the  radiation  field).  These  factors  resulted  in  12  different 
measurements  for  each  of  the  eight  wires,  or  96  observations  in  the 
entire  analysis. 

The  conclusions  from  the  analysis,  applicable  to  all  eight  wires, 
were  as  follows: 

1.  There  is  a  strong  interaction  effect  between  radiation,  tem¬ 
perature,  and  humidity  for  all  insulations  studied.  Insulation 
resistance,  at  a  given  radiation  dose,  is  a  function  of  tem¬ 
perature  and  humidity,  and  this  function  is  different  for  each 
of  the  wire  insulation  types.  This  indicates  that  any  pre¬ 
diction  of  wire  deterioration  for  a  given  temperature  and 
humidity  depends  upon  the  specific  wire  in  question. 

2.  Insulation  resistance  measurements  are  dependent  on  the  prox¬ 
imity  of  the  wire  to  the  radiation  field  during  measurement. 

Over  all  insulations  and  environments,  the  mean  per  cent  change 
from  initial  with  all  measurements  taken  in  the  radiation  field 
was  -79  per  cent.  The  mean  per  cent  change  from  initial  with 
measurements  taken  out  of  the  field  was  -98  per  cent.  Thus  the 
actual  deterioration  in  insulation  resistance  due  to  radiation 
appears  to  be  greater  than  measurements  taken  wholly  within  the 
field  would  indicate.  Averaged  over  all  conditions  and  mater¬ 
ials,  the  magnitude  of  the  transient  effect  changes  by  a  factor 
of  about  4,  whereas  the  permanent  effect  changes  by  a  factor  of 
about  50  during  the  course  of  the  irradiations.  This  is,  of 
course,  to  be  expected  since  the  transient  change,  for  any  given 
temperature  and  humidity  condition,  will  depend  largely  on  radi¬ 
ation  intensity,  with  a  lesser  dependence  on  the  physical 
deterioration  of  the  material.  On  the  other  hand,  the  permanent 
change  probably  arises  largely  as  the  result  of  permanent  chemi¬ 
cal  changes  in  the  material  which  will  increase  with  increasing 
dose . 

3.  Even  when  compared  with  the  combined  effect  of  radiation,  tem¬ 
perature,  and  humidity,  the  temperature  effect  is  significant. 
The  significance  is  mainly  due  to  the  difference  in  deteriora¬ 
tion  between  the  15  and  55  C  temperatures.  The  mean  difference 
in  deterioration  between  the  55  and  100  C  temperatures  is  not 
significant . 

The  mean  per  cent  changes  from  initial  at  the  three  tempera¬ 
tures  for  all  wires  at  both  humidity  conditions,  measured  both 
in  the  radiation  field  and  out  of  it,  were  as  follows: 


-6- 


Mean  Change  in  Insulation 

Temperature,  C  Resistance,  per  cent 


15 

-67.4 

55 

-91.6 

100 

-94.6 

Table  I  shows  the  observed  per  cent  deviation  in  insulation  resis¬ 
tance  from  initial  measurement  for  each  wire  at  each  environmental 
condition,  for  a  radiation  dose  of  approximately  7«1  x  lo9  ergs/g(C). 

The  table  shows  clearly  the  nature  of  the  interaction.  For  example,  at 
15  C,  No.  8  gage  wire  MIL-W-7072  shows  greater  deterioration,  measured 
outside  the  field,  for  the  moist  condition  than  for  the  dry.  This  sit¬ 
uation  is  reversed  at  55  C.  The  same  observations  can  be  made  for  No.  I6 
gage  wire  MIL-W-8777»  No.  I8  gage  cable  LAC-1-135B,  No.  I8  gage  wire 
polypropylene,  and  No.  I8  gage  AWG  36  polyethylene.  The  remaining  wires 
did  not  exhibit  this  behavior. 

One  fact  stands  out  in  an  examination  of  Table  I.  All  the  insula¬ 
tion  studied  lost  at  least  99  per  cent  of  its  initial  stabilized 
insulation  resistance  at  one  or  more  of  the  environmental  conditions. 

It  is  also  clear  that  some  wires  performed  better  than  others  at  each  of 
the  environmental  conditions.  Thus,  at  low  temperatures,  the  Suprenant 
polyethylene  and  the  polypropylene  wires  exhibited  a  smaller  resistance 
change  than  the  other  specimens.  In  the  intermediate  temperature  range 

the  No.  18  gage  cable  LAC-1-135B  and  the  No.  I8  gage  polyethylene  wires 

appear  somewhat  superior.  At  the  high  temperature,  several  specimens 
appear  to  have  actually  gained  in  insulation  resistance,  although  meas¬ 
urement  errors  may  be  partly  responsible  for  this  phenomenon.  Even  so, 

the  No.  18  gage  cable  MIL-W-7139A  appears  to  have  been  less  affected  at 

100  C  than  the  remaining  wires. 

Because  only  one  sample  of  each  wire  was  available  for  analysis  at 
each  environmental  condition,  it  would  be  almost  meaningless,  in  the 
statistical  sense,  to  analyze  the  wires  individually.  A  more  compre¬ 
hensive  program  with  more  samples  and  with  multiple  measurements  would 
enable  one  to  make  more  reasonable  probability  statements  about  expected 
wire  behavior  in  the  various  environments.  The  present  study  is  more 
suited  to  subjective  evaluation  based  on  the  observed  results. 

A  brief  statement  of  the  usefulness  of  each  of  these  wires  under  the 
environmental  conditions  used  in  this  program  is  as  follows: 

No.  8  gage  wire  MIL-W-7072  has  an  insulation  resistance  in  excess  of 
10"^  ohms  before  irradiation  at  15  C  and  when  dry.  When  the  wire  remains 
cool  and  dry,  a  gamma  dose  in  the  neighborhood  of  10^®  ergs/g(C)  causes 
a  permanent  decrease  in  resistance  of  about  1  order  of  magnitude.  The 
total  change  (transient  plus  permanent)  under  these  conditions  is  about 
2  orders  of  magnitude.  The  presence  of  moisture  causes  a  decrease  of 
another  order  magnitude.  Heat,  combined  with  moisture  and  radiation, 
causes  a  total  decrease  of  5  or  6  orders  of  magnitude.  This  wire,  then, 
is  highly  susceptible  to  combinations  of  high  temperature,  moisture,  and 
radiation.  It  would  probably  perform  satisfactorily  in  a  radiation  field 
for  many  applications  if  heat  and  moisture  could  be  controlled.  It  would 
probably  be  unsatisfactory  for  high-temperature  use  even  without  radiation. 


-7- 


TABLE  I. 


OBSERVED  PER  CENT  DEVIATION  FROM  INITIAL  IN  INSULATION 
RESISTANCE  AFTER  EXPOSURE  TO  7.1  x  10*?  ERGS/G(C) 


Wire  Type 

Measurement 

Field 

Temperature 

and  Humidity 

15  c 

55  C 

100  C 

Dry 

Moist 

Dry 

Moist 

Dry 

Moist 

No.  8  gage  wire 

Out 

80.0 

97.2 

99.8 

97.4 

99.9 

99.3*(a) 

MIL-W-7072 

In 

72.7 

58.3 

95  c  9 

85.2 

99.7 

98.6* 

No.  16  gage  cable 

Out 

0.0 

88.0 

80.0 

99.0 

91.0 

186* 

Ty-l-Cl-A 

In 

9.8 

82.7 

58.3 

94 .0 

38.3 

50.0* 

No.  l8  gage  cable 

Out 

0.0 

97.0 

80.0 

98.9 

70.0 

88.0 

MIL-W-7139A 

In 

36.0 

93.0 

87.5 

97.2 

56.0 

20.0* 

No.  16  gage  wire 

Out 

0.0 

99.2 

98.0 

97.7 

97.7 

60.0* 

MIL-W-8777 

In 

20.0 

93.0 

39.5 

73.8 

99.1 

120. 0* 

No.  l8  gage  cable 

Out 

80.0 

99.2 

87.3 

81.5 

95.9 

99.1 

LAC-1-135B 

In 

10.0 

90.3 

61.4 

89.0 

96.3 

98.7 

Suprenant 

Out 

0.0 

50.0 

85.0 

99.6 

99.7 

99.9 

polyethylene 

In 

0.0 

33.5 

57.5 

91.1 

57.0 

98.5 

No.  l8  gage  wire 

Out 

0.0 

50.0 

96.7 

93.0 

99.9 

98.9 

polypropylene 

In 

0.0 

60.0 

92.7 

58.3 

81.4 

89.4 

No.  l8  gage  AWG  36 

Out 

0.0 

93.0 

93.0 

82.0 

99.5 

98.2 

polyethylene 

In 

0.0 

50.0 

70.0 

17.8 

60.0 

46.3 

(a)  Asterisk  indicates  positive  deviation;  all  others  are  negative. 
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No.  16  cable  Ty-l-Cl-A  chows  very  little  permanent  change  in  re¬ 
sistance  due  to  radiation  when  dry  and  cool.  The  transient  change  under 
these  conditions  amounts  to  a  decrease  by  about  1  order  of  magnitude. 
Temperature  appears  to  have  little  effect.  Moisture  appears  to  have  a 
more  deleterious  effect  than  either  heat  or  radiation  alone.  The 
greatest  deterioration  was  suffered  when  this  wire  was  irradiated  at 
55  C  and  65  per  cent  R.  H.  The  final  resistance  had  dropped  almost  5 
orders  of  magnitude  to  about  1  x  109  ohms. 

No.  18  gage  cable  MIL-W-7159A  shows  a  maximum  decrease  of  about  2 
orders  of  magnitude  in  insulation  resistance  after  irradiation.  Heat 
and  moisture  have  no  great  effect.  Serious  deterioration  of  mechanical 
properties  results  from  irradiation.  The  insulation  will  not  withstand 
bending  or  flexing  after  irradiation. 

No.  16  gage  wire  MIL-W-8777  suffers  about  a  2  order  of  magnitude 
maximum  decrease  in  insulation  resistance  when  Irradiated.  Humidity  ap¬ 
pears  to  have  a  more  deleterious  effect  than  does  heat,  at  least  at 
temperatures  below  55  C.  Irradiation,  when  the  wire  is  dry,  does  not 
have  great  effect  on  insulation  resistance.  Again,  a  serious  effect  of 
radiation  is  the  deterioration  of  mechanical  qualities.  The  insulation 
crumbles  when  bent.  Heat  does  affect  the  flexibility  of  the  insulation. 

No.  18  gage  cable  LAC-1-135B  suffers  a  drop  in  insulation  resistance 
of  about  6  orders  of  magnitude  under  the  combination  of  high  temperature, 
moisture,  and  radiation.  Its  usefulness  in  a  radiation  field  is  probably 
limited  to  cool,  dry  conditions  in  applications  where  the  wire  is  not 
subject  to  bending.  Radiation  embrittles  the  insulation,  and  this  is 
aggravated  by  heat. 

Suprenant  polyethylene  shows  good  resistance  to  radiation,  moisture, 
and  heat  to  100  C.  It  remains  in  good  condition  mechanically  under  all 
environmental  conditions  studied.  The  insulation  resistance  never  de¬ 
creased  below  10^  ohms.  Under  cool,  dry  conditions,  the  resistance 
change  is  almost  entirely  transient  in  nature.  At  higher  temperatures 
and/or  humidity,  permanent  changes  in  resistance  become  increasingly 
important . 

No.  18  gage  AWG  36  polypropylene  is  unsatisfactory  for  use  in  a 
radiation  field.  Even  at  low  temperatures  and  low  humidity,  it  is  too 
brittle  for  use  after  irradiation.  High-temperature  irradiation  changes 
it  to  a  crumbly  powder.  This  serious  damage  to  mechanical  properties 
may  depend,  to  a  large  degree,  on  the  method  of  preparation  of  the  poly¬ 
propylene  Insulation  and  may  not  necessarily  exclude  all  polypropylene 
from  consideration  as  electrical  insulation  for  use  in  a  radiation  field. 

No.  18  gage  AWG  36  polyethylene  remains  quite  stable  in  the  presence 
of  the  combination  of  heat,  moisture,  and  radiation.  Insulation  resis¬ 
tance  remains  about  lo“  ohms  at  all  times.  Mechanical  properties  remain 
satisfactory,  even  at  high  temperatures.  The  behavior  of  this  material 
is  quite  similar  to  that  of  the  Suprenant  polyethylene.  These  two  mate¬ 
rials  are  probably  the  best  choice  of  those  studied  for  general  use  in  a 
radiation  field  where  a  variety  of  temperature  and  humidity  conditions  is 
encountered.  However,  under  a  given  set  of  controlled  temperature  and 
humidity  conditions,  some  of  the  other  materials  may  be  more  satisfactory. 
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A  STUDY  OF  RADIATION  EFFECTS  ON  FUEL  TANK 
SEALANTS  AND  BLADDER  CELL  MATERIAL 

by 

M.  L.  Shatzen>  Jr. 

Lockheed  Nuclear  Products 
Lockheed  Aircraft  Corporation 
Georgia  Division,  Marietta,  Georgia 

R.  S.  Tope,  C.  W.  Cooper,  and  R.  G.  Heiligmann 
Battel le  Memorial  Institute,  Columbus,  Ohio 

The  effects  of  exposure  to  gamma  irradiation  were  studied  on  two 
commercial  thiokol  based  sealants  and  one  high-temperature  bladder 
cell  material.  Samples  were  tested  dry  in  their  original  cured  state  then, 
after  exposure  to  140“  F, immersed  in  JP-4  fuel  for  periods  equivalent  to 
those  required  to  reach  the  three  radiation  doses  used.  After  gamma 
irradiation  at  140“  F,  they  were  immersed  in  JP-4  fuel  to  radiation  doses 
of  9.3  X  10  ,  3.5  X  10  ,  and  9.9  x  10^  ergs/gm  (carbon).  The  sealants 
showed  about  10%  degradation  at  the  intermediate  dose  level  and  serious 
damage  at  the  highest  dose  Level.  The  bladder  cell  material  apparently 
withstood  a  dose  of  9.9  x  lo”  ergs/gm  (carbon)  at  140“  F  in  JP-4  without 
great  damage. 

While  awaiting  completion  of  the  nuclear  testing  facilities  at  Air  Force  Plant  No. 
67,  the  Lockheed  Nuclear  Products  Branch  subcontracted  under  a  prime  Air  Force 
contract  to  Battelle  Memorial  Institute  of  Columbus,  Ohio,  an  experimental  radiation 
effects  program.  This  program  consisted  of  studies  pertaining  to  radiation  effects  on 
electrical  Insulation,  fuel  tank  sealants  and  bladder  cell  material,  and  radome  lami¬ 
nates  in  various  environments. 

This  paper  treats  with  the  sealants  and  bladder  cell  phase  of  the  program.  Prior 
knowledge  indicated  that  organic  materials  are  subject  to  severe  damage  from  nuclear 
radiation;  however,  little  work  had  been  done  in\he  field  of  effects  of  radiation  in 
combination  with  conventional  environmental  parameters  such  as  heat  and  exposure 
to  organic  solvent-type  liquids.  Actually,  these  environments  are  extremely  important 
in  considerations  concerning  design  problems  in  nuclear-powered  aircraft.  At  the 
Battelle  cobalt-60  gamma  facility,  conventional  commercial  materials  were  tested 
under  these  added  environments. 


-1- 


EXPERIMENTAL  WORK 


The  following  materials  were  selected  for  the  Investigation: 

1.  PRC-1 422  Type  B-2,  Products  Research  Corporation,  a  thiokol  base, 
sodium  and  potassium  dlchromate  accelerated  sealant 

2.  Presstite  1-221,  Presstite-Keystone  Corporation,  a  thiokol  base,  cumene 
hydroperoxide  accelerated  sealant 

3.  BTC-6  high -temperature  bladder  cell  material,  Goodyear  Tire  and  Rubber 
Company,  a  350®  F  Buna  N  -  nylon  fabric  -  nylon  film  rubber  sandwich 
fuel  cell  material. 

Item  2  was  eventually  eliminated  from  the  program  because  of  its  Inability  to 
develop  a  "tight"  cure.  The  Presstite  Corporation  later  reported  It  to  be  an  exper¬ 
imental  material. 

Irradiations  were  conducted  statically;  and  the  physical  properties  tested  before 
and  after  Irradiation  were  ultimate  tensile  strength,  ultimate  elongation,  and  hard¬ 
ness  (on  sealants  only).  Dose  measurements,  made  by  using  a  10-cc  graphite  Ion 
chamber,  are  reported  In  ergs/gram  (carbon).  The  working  standard  used  for  cali¬ 
bration  of  the  Ion  chamber  was  a  copper-modified  ferrous  sulfote  dosimeter.  The 
dosimetry  data  are  based  on  a  G-value  (the  number  of  ferrous  Ions  oxidized  per 
100  ev  of  energy  absorbed  In  the  water  solution)  of  0.66  for  the  oxidation  of 
ferrous  Ion,  and  the  relationship  that  100  ergs/gram  absorbed  In  the  dosimeter 
solution  Is  equal  to  90,9  ergs/gram  absorbed  In  carbon.  The  G-value  of  0.66  for 
the  copper-modified  ferrous  sulfate  system  Is  equivalent  to  a  G-value  of  15.5  for 
the  normal  ferrous  sulfate  solution.  A  flux  map  Is  shown  in  Figure  1. 

SPECIMEN  PREPARATION 

Each  of  the  sealants  was  compounded  according  to  Instructions  on  the  can;  that  is, 
7.5  parts  PRC-1422-B-2  with  1  part  curing  agent  and  10  parts  Presstite  1-221  with 
1  part  curing  component.  The  curing  agent  and  the  base  sealant  were  combined  on 
a  three-roll  paint  mill.  Sealants  were  then  molded  Into  sheets  approximately  1/8  inch 
thick  and  cured  at  room  temperature  for  24  hours,  followed  by  48  hours  at  120®  F. 

The  molded  sheets  were  aged  a  minimum  of  three  weeks  prior  to  testing;  and,  prior 
to  aging,  1 -Inch-wide  by  5-lnch-long  tensile  bars  were  cut  for  use  In  the  test  program. 
Sets  of  at  least  five  specimens  of  each  sealant  were  treated  as  follows: 

1.  One  set,  uncoated  -  maintained  at  room  temperature 

2.  One  set,  coated  -  maintained  at  room  temperature 
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3.  One  set/  coated  -  In  JP-4  fuel  at  140®  F  for  periods  corresponding  to 
exposure 

4.  One  set/  coated  -  In  JP-4  fuel  Irradiated  at  various  dosages 

The  coating  used  on  the  sealants  was  Buna  N  sealant  overcoat/  fill  and  drain 
Gelac  Type  EPS-4031  material  to  conform  to  Gelac  5-781  specification.  Coating 
was  accomplished  by  dipping/  and  samples  were  mechanically  removed  from  the 
Buna  N  solution  at  a  withdrawal  rate  of  2  Inches  per  minute. 

It  was  not  necessary/  of  course,  to  prepare  the  Goodyear  bladder-cell 
material/  nor  did  It  have  to  be  coated.  Standard  dumbbell  specimens  were  cut 
from  all  materials  for  tensile-strength  and  elongation  measurements. 

EXPOSURE  CONDITIONS 

The  exposure  of  specimens  to  three  different  cobalt-60  (gamma)  radiation  doses 
and  of  control  specimens  under  the  pertinent  environmental  conditions  was  conducted 
as  follows: 

p 

1.  Specimens  suspended  In  JP-4  fuel  at  140“  F;  Irradiated  to  (a)  9.3  x  1  0  , 

(b)  3.5  X  10^/  and  (c)  9.9  x  1o"  ergs/g  (C) 

2.  Control  specimens  suspended  in  JP-4  fuel  at  140®  F,  but  not  Irradiated 

3.  Room-temperature  control  specimens  not  Immersed  In  fuel  or  exposed  to 
radiation 

Exposure  to  140®  F  JP-4  fuel  and  to  140°  F  fuel  plus  irradiation  necessitated 
certain  preparation  for  specimen  handling  and  exposure. 

SPECIMEN  BOXES 

Two  specimen  boxes  were  required,  one  to  submerge  In  the  cobalt-60  pool  and 
the  other  to  hold  specimens  In  fuel  as  controls.  In  each  case,  the  boxes  were  filled 
with  JP-4  fuel  and  maintained  at  a  temperature  of  140®  F.  To  simulate  aircraft 
structural  materials,  the  boxes  were  built  of  aluminum;  but  In  order  to  use  the  cobaIt-60 
source  swimming  pool  type.  It  was  necessary  to  have  a  stainless  steel  outer  box 
surrounding  the  aluminum  container.  The  annulus  between  the  two  boxes  provided 
the  necessary  thermal  Insulation.  The  details  of  construction  are  shown  in  Figure  2. 

The  temperature  in  the  box  was  regulated  by  means  of  a  Foxboro  controller,  and 
the  voltage  input  to  the  heaters  was  controlled  by  o  variac  so  that  a  failure  of  the 
controller  In  the  on  position  would  not  result  in  an  extreme  buildup  In  temperature 
In  the  box. 
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The  second  box  was  required  for  maintaining  specimens  in  fuel  at  140“  F  as 
controls  for  the  irradiated  specimens.  In  this  case,  an  aluminum  box  identical  to 
the  one  just  described  was  used.  Controls  for  this  box  were  identical  to  the  ones 
used  for  the  submerged  equipment. 

IRRADIATION  TESTS 

Sealant  and  bladder-cell  strips  were  suspended  in  the  aluminum  boxes,  which 
were  then  sealed.  The  effectiveness  of  the  seal  was  determined  by  pressurizing  the 
container  and  checking  for  leaks  under  water.  The  boxes  were  then  filled  with  jP-4 
fuel,  with  the  vent  tube  used  as  an  inlet.  The  filled  "cell"  to  be  irradiated  was 
lowered  between  two  rows  of  cobalt-60  rods  parallel  to  the  front  and  back  of  the 
box,  and  the  control  cell  or  box  was  placed  in  service  at  the  some  time.  After  a 
predetermined  period  of  irradiation,  the  samples  were  removed  and  permitted  to  dry 
out  at  room  temperature.  Exposure  time  (in  fuel)  of  the  nonirradiated  test  specimens 
was  identical  with  that  of  the  cobalt-60  exposed  samples. 

The  dried  1-inch  by  5-inch  strips  were  cut  into  tensile  dumbbells.  These  specimens 
were  then  pulled  on  a  Baldwin-Southwark  tester  at  a  jaw-separation  rate  of  two 
inches  per  minute.  The  data  for  samples  exposed  to  three  different  radiation  doses 
and  for  fuel-immersed  and  dry  exposed  controls  are  reported  as  ultimate  tensile 
strength  and  elongation  at  break.  Shore  hardness  measurements  were  made  as  an 
A2  scale,  with  a  double-thickness  sample  (1/4  inch). 

Irradiation  of  specimens  was  carried  out  to  three  levels: 

1.  9.3  X  10®  ergs/g  (C)  at  a  dose  rate  of  1.3  x  10^  ergs/g-hr  (C) 

2.  3.5  X  10^  ergs/g  (C)  at  a  dose  rate  of  1.5  x  10^  ergs/g-hr  (C) 

3.  9.9  x  10^  ergs/g  (C)  at  a  dose  rate  of  1.9  >  10^  ergs/g-hr  (C) 

RESULTS 

The  following  general  observations  we'^e  made  on  PRC-1422  sealant  specimens.  Data 
are  shown  in  Table  I. 

1.  The  reduction  In  tensile  strength  at  the  lowest  radiation  dose  is  of  the  order 
of  10  per  cent.  Elongation  values  show  no  change,  and  hardness  is  reduced  by 
10  per  cent.  Specimens  showed  no  visual  evidence  of  degradation. 

2.  At  the  intermediate  radiation  dose,  tensile  strength  is  reduced  by  about 
25  per  cent.  Elongation  values  are  reduced  by  13  per  cent  and  hardness 
is  reduced  by  some  16  per  cent.  As  in  the  case  of  low-dose  tests,  these 
specimens  did  not  show  visual  evidence  of  degradation. 
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3.  The  sealant  specimens  subjected  to  highest  radiation  doses  -  9.9  x  10 
ergs/g  (C)  -  were  badly  pitted  and  were  swelled  because  of  penetration 
of  fuel  through  the  Buna  N  overcoat.  It  was  necessary  therefore  to 
vacuum-dry  the  exposed  strips  to  remove  the  fuel  prior  to  making  physical 
property  measurements.  Tensile  strength  of  these  specimens  showed  a 
reduction  of  about  68  per  cent.  Elongation  at  break  and  hardness  were 
reduced  by  54  and  23  per  cent,  respectively. 

Rgure  3  shows  specimens  Irradiated  to  the  maximum  dose  in  fuel  at  140®  F, 
bontrol  specimens  exposed  to  140°  F  fuel  but  not  Irradiated,  and  specimens  held 
at  room  temperature  and  not  exposed  to  fuel.  Two  complete  sets  of  samples  are 
shown.  The  light-colored  strips  represent  the  Presstite  sealant,  which  was  not  tested 
at  other  levels  of  radiation  because  of  the  character  of  the  material.  The  darker 
strips  represent  PRC-1422-B-2  sealant.  The  effect  of  the  high  level  of  radiation 
may  be  seen  readily  In  the  blistered  samples.  These  "bubbles"  contained  liquid  fuel 
and  represent  a  separation  of  the  Buna  N  coating  from  the  base  sealant. 

The  effect  of  maximum  Irradiation  in  140°  F  fuel  on  the  Presstite  1-221  sealant 
may  be  seen  In  Table  I  I .  These  results  are  reported  here  for  general  interest  even 
though  the  test  was  not  carried  through  all  three  levels  of  radiation.  Initial  values 
for  tensile  strength,  elongation,  and  hardness  are  subnormal.  In  spite  of  this,  the 
degradation  Is  extreme  -  68  per  cent  reduction  In  tensile  strength,  64  per  cent 
reduction  In  elongation,  and  37  per  cent  reduction  In  Shore  A2  hardness. 

There  was  no  visual  evidence  of  change  in  the  Goodyear  bladder-cell  material 
BTC-6,  even  at  the  maximum  radiation  dose  of  9,9  x  10^  ergs/g  (C),  as  shown  In 
Figure  3.  The  following  observations  were  made  on  measured  changes  In  physical 
properties: 

1.  At  the  three  radiation  doses  -  low,  medium,  and  hlgh-tenslIe  strength 
values  decreased  16,  18,  and  22  per  cent,  respectively. 

2.  Changes  in  elongation  values  are  not  significant,  since  values  for  control 
specimens  on  which  changes  were  based  varied  considerably.  This 
variation  is  probably  due  to  the  character  of  the  fabric  at  the  point  where 
tests  were  made. 

Test  data  are  shown  In  Table  III. 

CONCLUSIONS 

In  regard  to  the  PRC  commercial  sealant  material,  changes  in  physical  properties 
are  not  serious  through  the  Intermediate  radiation  dose  (applied  to  specimens  In  140°  F 
JP-4  fuel)  of  3.5  X  10^  ergs/g  (C).  No  visible  change  In  sealant  character  can  be 
observed  up  to  this  same  dose.  On  the  other  hand,  properties  of  the  sealant  are 
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seriously  Impaired  at  a  radiation  dosage  of  9.9  x  10^  ergs/g  (C). 

One  rather  Important  factor  was  not  determined  In  these  tests.  That  was  the 
effect  of  radiation  on  the  adhesion  of  sealants  to  an  aluminum  alloy  surface.  Since 
the  performance  of  these  products  depends  to  a  large  extent  on  this  property,  it  is 
recommended  that  determinations  of  this  type  be  made. 

Radiation  dosages  through  9.9  x  10^  ergs/g  (C)  apparently  do  not  seriously  Impair 
the  physical  properties  of  Goodyear  bladder-cell  material  BTC-6,  nor  is  the  product 
visibly  changed  by  this  exposure  while  immersed  In  140**  F  fuel. 


DESCRIPTION  OF  COMPONENT  PARTS  SHOWN  IN 
FIGURE  1 

A.  Outer  stainless  steel  box.  Cover  is  1/8-inch  stainless  steel  plate. 

B.  Inner  aluminum  box;  2-inch  depth.  Cover  is  of  same  construction  but  1  inch  in  depth. 

C.  Ceramic  insulated,  two-conductor  electrical  lead  encased  in  a  copper  tube.  A 
flexible,  rubber-sheathed  lead  was  connected  to  this  about  3  feet  from  the  box. 

D.  Chromalox  strip  heater  (1 10  v,  400  w)  attached  to  bottom  of  aluminum  box. 

E.  Vent  tube.  Flexible  Tygon  tubing  was  attached  to  this  stainless  steel  nipple  to  dissipate 
any  vapor  coming  from  the  heated  fuel.  It  also  acted  as  a  safety  valve  in  case  fuel 
should  overheat  through  electrical  control  failure. 

F.  Thermocouple;  ceramic  insulated. 

G.  Pressure  tube.  One  end  of  flexible  Tygon  tubing  was  attached  to  the  stainless  steel 
tube,  the  other  end  to  a  tank  of  nitrogen.  A  constant  nitrogen  pressure  of  15  psig  was 
maintained  in  the  annular  space  between  boxes  at  all  times  during  irradiation.  This 
was  done  for  two  reasons:  (1)  to  minimize  danger  of  explosion  in  case  of  JP-4  leakage 
to  space  between  inner  and  outer  boxes  containing  open  heater  terminals,  and  (2)  to 
keep  a  positive  pressure  inside  the  box  greater  than  the  6-psi  pressure  of  the  water  in 
the  cobalt-60  pool. 

H.  Milled  slot.  A  1/32-inch  by  1/4-inch  slot  was  milled  in  each  half  of  the  aluminum  box. 
A  1/8-inch  polyethylene  gasket  was  used  as  a  seal  in  this  slot. 

I.  Milled  slot.  A  1/16-inch  by  l/4-inch  slot  was  milled  in  the  stainless  steel  box.  No 
slot  was  used  in  the  cover  plate.  A  1/8-inch  polyethylene  gasket  was  used  as  the 
sealing  element. 
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FIG.  2  SAMPLE  IRRADIATION  SPECIMEN  SOX 


-M22B-2 


FIG.  3  COMPARISON  OF  IRRADIATED  AND  NON  IRRADIATED  SAMPLES 
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I  TIIE  EFFECT  OF  ELECTRON  MDIATION  ON  THE  COMPLEX  DYIWIIC  MODULUS 

I  OF  POLYSTYRENE  MID  HIGII-DEN3ITY  POLYETHYLENE* 

I  by 

;  R.  E.  Chambers 

John  Jay  Hopkins  Laboratory  for  Rirt;  and  Applied  Science 
General  Atomic  Division  of  General  Dynamics  Corporation 
San  Diego,  California 

*  Measurements  of  the  elastic  modulus  emd  mechanical  loss 

at  5  to  10  kcps  were  made  on  nonirradiated  and  5-Mev-electron- 
irradiated  specimens  of  polystyrene  and  high-density  polyethy¬ 
lene  over  a  temperature  reuige  from  S0°  to  32O  K.  Specimens 
were  irradiated  at  liquid-nitrogen  and  room  temperatures  to 
doses  of  up  to  7  10'  rads.  Considerable  dependence  of  the 

modulus  on  Irradiation  temperature  was  noted  in  polyethylene. 
The  polystyrene  specimens  exhibited  marked  modification  of 
the  internal  friction  spectrum  under  room- temperature  irra¬ 
diation.  These  changes  in  the  dynamic  modulus  are  discussed 
in  terms  of  early-stage  cross-linking  mechanisms. 

INTRODUCTION 


The  bombardment  of  organic  high  polymers  with  gamma-rays,  electrons, 
protons,  neutrons,  etc.,  is  known  to  considerably  alter  many  of  their 
mechanical  properties.  Furthermore,  the  degree  of  alteration  is  depend¬ 
ent,  for  the  most  part,  on  the  toteil  energy  absorbed  per  unit  mass  of 
the  polymer, 1^2  not  on  the  type  of  radiation.  The  molecular  mechanisin'^ 
responsible  for  the  changes  in  properties  appear  to  be  broadly  classed3 
as  "cross -linking"  between  adjacent  polymer  chains,  unsaturation  of  organ¬ 
ic  bonds,  and  breaking,  or  scission,  of  the  main  skeletal  chain  itself. 

Most,  if  not  all,  of  the  published  literature^' 5  on  the  mechanical 
effects  of  the  irradiation  of  organic  high  polymers  has  dealt  with 
irradiations  carried  out  at  room  temperature  or  above.  The  present 
investigation  is  based  on  an  attempt  to  control  the  development  of  mo¬ 
lecular  rearrangement  subsequent  to  the  passage  of  the  disturbing 
radiation  by  irradiating  at  low  temperatures,  at  -vdiich  both  reaction  and 
migration  rates  should  be  lowered.  Comparison  is  then  made  with  spec¬ 
imens  irradiated  at  room  temperature. 


This  work  was  performed  under  arrangements  with  ConvaiiHFort  Worth, 
A  Division  of  General  Dynamics  Corporation,  under  Air  Force  Contract 
AF33-6OO-32054. 
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Much  infcrraation  can  be  gained  about  the  nature  of  molecular  motions 
in  solids  by  examining  their  mechanical-dispersion  behavior.  Reported 
below  is  a  mechanical -dispersion  study  of  some  of  the  structural  changes 
Induced  in  the  polymers  polwtyrene  and  high-density  polyethylene  by 
irradiation  at  lOO”  and  300  k,  with  2  to  T  x  10^  rads  of  5-44ev  electrons. 

EXPERIMENTAL  PROCEDURE  AND  MATERIALS 


The  mechanical-dispersion  measurements  were  made  by  a  resonant-bar 
method,  using  the  longitudinal  mode  of  excitation.  The  frequency  -vres 
varied  over  a  limited  range  (3,000  to  15,000  cps)  by  exciting  haimonics. 
The  teiiq)erature  was  varied  by  adjusting  the  thermal  contact  of  the 
regonant  apparatus  with  a  nitrogen  bath,  giving  a  temperature  range  of 
80  to  320  K.  The  apparatus  was  so  designed  as  to  permit  simultaneous 
determination  of  the  length  and  resonant  frequency  of  the  specimens 
at  all  tenqien'tures ,  thus  meiking  possible  accurate  determination  of 
Young's  modtalus  as  a  function  of  temperature.  The  mechanical  energy  loss, 
Q  1,  was  measured  by  displaying  the  output  of  an  electromagnetic  trans¬ 
ducer  on  a  chart  recorder  and  sweeping  the  frequency;  the  frequency  width 
at  the  half-power  point  of  the  recorded  curve  divided  by  the  resonant 
frequency  gave  the  measure  of  the  energy  loss.  The  low-temperature 
irradiations  were  carried  out  in  the  mechanical -dispersion  apparatus 
by  maintaining  a  flow  of  liquid  nitrogen  past  the  specimen. 

The  electron  irradiations  were  performed  using  the  Applied  Radia¬ 
tion  Corporation's  linear  accelerator  at  Walnut  Creek,  California. 
Electrons  of  5-Mev  energy  monitored  by  cobalt-glass  chips  were  used 
for  the  irradiations. 

A  n\imber  of  separate  investigations  on  dummy  specimens  were  performed 
to  determine  the  temperature  rise  inside  the  specimens  during  bombardment. 
Carbon  resistors  embedded  along  the  axis  of  the  dummy  specimens  served 
ew  thermal  elements.  In  no  case,  at  the  power  levels  used,  did  the 
internal  temperatvire  rise  5'^K  above  the  bath  temperatiire. 

The  specimens  used  were  rod  shaped,  3/16  in.  in  diameter,  and 
6-1/2  in.  long.  The  average  density  of  ten  specimens  ^f  high-density 
polyethylene  at  292. 2°K  before  irradiation  was  O.963I  -0.0024  g/cm3. 

The  density  at  292. 2°K  after  the  300°K  irradiation  was  0.950?  +0.0024  g/cra 
and  the  density  at  292. 2°K  after  100°K  irradiation  was  O.9620  ^.0024  g/cm 
The  \inlrradiated  polystyrene  density  was  I.I835  +0.0050  g/cm3  masured 
at  295*^- 


EXFERIMENTAL  RESULTS 


The  results  in  this  section  will  be  discussed  in  terms  of  the  forma¬ 
lism  of  linear  relaxation  theory;  it  will  be  asstnaed  that  the  me-' 

chanical -dispersion  relations  of  Zener°  hold: 


°  1  +  (co2f)^ 
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where  Q  Is  a  measure  of  the  energy  loss^^in  each  cycle  of  oscillation, 

Aq  is  the  "relaxation  strength,"  m  (sec""^)  is  the  angular  frequency  of 
oscillation,  ZTq  (sec)  is  the  "gatural  thermal"  period,  H  (ergs)  is, the 
barrier  acti\^tion  energy,  T  ( °K)  is  the  temperature,  K  (ergs  deg"  )  is 
Boltzmann's  constant,  and  AM^  is  the  modulus  defect,  i.e.,  the  frac¬ 
tional  change  in  Young's  modulus  due  only  to  the  activation  of  the 
relaxation  mechanism.  Zener's  formulation  asstanes,  in  general,  that 
such  quantities  as  Am^  are  «1.  It  is  realized  that  in  such  a 
con5)lex  molecular  system  as  exists  in  the  organic  hijdi -polymer  solids, 
it  is  not  unreasonable  that  strong  nonlinear  relaxation  behavior  may 
exist  and  thus  invalidate  this  type  of  formulation.  However,  the  linear 
theory  is  certainly  the  simplest  euid  therefore  deserves  first  consideration. 

Consider  first  the  polystyrene  data,  shown  in  Figs.  1,  2,  and  3* 

As  can  be  seen  in  Fig.  1,  for  unirradiated  material,  there  are  peaks 
in  the  loss  curve  at  120  +2°K  and  at  267  ±3°K  for  frequencies  in  the 
neighborhood  of  5500  cps,  and  hints  of  peaks  forming  at  both  lower 
and  higher  temperatixres.  Figure  2  shows  the  corresponding  variation 
of  Young's  modulus  with  temperature.  To  a  first  approximation,  there 
appears  to  be  only  a  slow  linear  variation  of  the  modulus  with  temper- 
atrire.  The  data  is  sufficiently  precise,  however,  to  warrant  the  taking 
of  differences  from  a  best  strai^t  line  through  all  the  points.  These 
fractional  differences  in  Yomg's  modulus,  AM^I,  are  shown  in  Fig.  3* 

Note  that  in  Fig.  3^  Am/m  for  the  unirradiated  specimen  drops  sharply 
at  122  +1°K  and  again  at  25O  ±5°K;  also,  the  end  of  a  drop  is  seen  below 
122  K,  and  the  beginning  of  another  above  250°K. 

If  the  processes  taking  place  in  the  vicinity  of  120°K  and  260°K  are 
simple  linear  relaxation  phenomena,  Eqs.  (l)  and  (2)  imply  that  the  max¬ 
imum  value  of  the  modulus  defect,  (AM/^i)  ,  and  the  maximum  energy  loss, 
(q"^)  ,  should  be  related  by 


(AM/m)j^  =  2(Q"^)^  ,  (5) 

and  that  the  modulus  drop  and  the  loss  peak  should  occur  at  the  same 
tenqjerature.  Eqmtion  (5)  is  satisfied  by  all  the  polystyrene  data  to 
well  within  a  factor  of  2.  Thus,  the  linear  relsocatlon  relations  (l) 
through  (h)  are  approximately  satisfied. 

By  measuring  the  peak  position  at  higher  harmonics,  an  estimate  of 
the  activation  energy  corresponding  to  these  peaks  can  be  mde.  The  peak 
at  120  K  has  H  =  0.20  ±0.02  ev/atom,  while  the  peak  at  267  a  has 
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FIGURE  7 


RUBBER  MODULUS  VS  RADIATION  DOSE 
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FIGURE  8 


RADIATION  EFFECTS  AT  200®  C 
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TABLE  5 


ELASTOMER  CHANGE  IN  ELONGATION 


AFTER  90  MEGARADS 

ELASTOMER  %  CHANGE 


HIGH  PHENYL  SILICONE  (D.C.) 

-1.8 

NATURAL  RUBBER* 

-12. 

BROMINATED  ISOBUTYLENE* ISOPRENE 

-12.8 

ISOCYANATE  URETHANE 

-30. 

ACRYLONITRILE  -  STYRENE 

-36. 

POLYVINYL  CHLORIDE 

-44. 

ETHYLENE 

-50. 

BUTADIENE  ACRYLONITRILE 

-55. 

LS-53  SILICONE  (D.C.) 

-78. 

NEOPRENE 

-78. 

METHYL  VINYL  SILICONE  (D.C.) 

-80. 

NATURAL  RUBBER 

-82. 

VINYLIDENE  FLUORIDE  -HEXAFLUOROPROPYLENE-04 

DIMETHYL  SILICONE  (DC.) 

-90. 

— H^O  ANTI -RAD  ADDITIVES  IN  D.C.  FORMULATIONS-^ 

"^INCLUDES  SPECIAL  ANTI -RAD 

0*323 


TABLE  6 


RADIATION  EFFECTS  OF  HIGH 
TEMPERATURE  IRRADIATION 


MODULUS 

Zi-DOSE 

ELASTOMER  25*C  200*C 


RR.  STOCK 

0 

5.0 

2068 

3.9 

— 

LS-53 

0.48 

14.1 

916 

5.05 

14.4 

2048 

6.2 

21.2 

7-170 

8.6 

— 

152 

8.9 

— 

2071 

9.0 

34.1 

80 

9.8 

60.1 

675 

12.2 

26.5 

S-2201 

TESTED  AT  25*C 

48.1 
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RADIATION  RESISTANT  SILICONES 
By 

E,  L.  Warrick,  D.  J.  Fischer  and  J,  F,  Zack,  Jr. 

Dow  Coming  Corporation 
Midland,  Michigan 

Silicones  as  a  class  cover  a  wide  range  of 
polymer  compositions  within  which  are  newer  mater¬ 
ials  of  outstanding  radiation  resistance.  These 
take  the  form  of  fluids,  greases,  resins  and  rub¬ 
bers.  Inherently,  silicones  are  thermally  stable 
and  this  is  reflected  in  excellent  performance  for 
some  polymers  in  the  combined  environments  of  radi¬ 
ation  and  high  tenqperatum.  Conanents  in  the  liter¬ 
ature  which  classify  silicones  as  poor  in  radiation 
resistance  are  based  on  observations  covering  only 
a  limited  area  of  the  total  field  with  concentration 
on  a  few  of  the  less  stable  polymers. 

Inherent  in  each  silicone  polymer  is  a  dependence  upon 
the  stability  and  flexibility  of  the  slloxane  backbone.  The 
orgemlc  groups  substituted  on  such  a  chain  modify  this  stabil¬ 
ity  and  flexibility.  It  is  possible,  for  example,  to  use 
sufficiently  large  alkyl  groups  as  to  lose  all  of  the  Inherent 
slloxane  stability  and  revert  to  that  of  a  slsqple  branched 
hydrocarbon.  Practically,  one  retains  most  of  this  stability 
if  only  methyl  and  phenyl  groups  are  used.  The  greatest  flex¬ 
ibility  is  retained  if  one  uses  only  methyl  grot^s,  but  such 
polymers  are  poor  in  radiation  reslstsmce.  As  has  long  been 
known,  the  incorporation  of  phenyl  substituents  raises  radia¬ 
tion  stability.  In  hydrocarbon  systems  this  usually  ends  in 
the  preparation  of  high  melting  ammatlc  solids.  The  chief 
advantage  of  the  silicone  family  with  regain  to  radiation 
resistance  is  the  ability  to  Introduce  large  amounts  of  phenyl 
substitution  without  losing  the  flexibility  Inherent  in  the 
slloxane  backbone.  One  may  prepare  fluids,  greases,  flexible 
resins  and  rubbez*s  free  of  the  aromatic  crystalline  character 
of  organic  c<»ipounds,  but  with  the  inherent  radiation  resis¬ 
tance  of  high  phenyl  content  polymers. 

The  Inherent  thermal  stability  of  these  high  phenyl  radi¬ 
ation  resistant  silicones  is  important.  It  is  becoming 
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increasingly  apparent  that  materials  will  be  needed  to  with¬ 
stand  the  combined  effects  of  radiation  and  high  temperatures. 
Our  preliminary  studies  in  this  area  of  simultaneous  exposure 
are  promising. 


FLUIDS 


The  radiation  resistance  of  fluids  was  studied  by  mea¬ 
suring  quantitatively  the  gases  evolved  upon  irradiation. 

This  yields  sharper  distinctions  and  is  less  time  consuming 
than  carrying  the  exposure  to  ultimate  gelation.  The  amount 
of  gas  is  proportional  to  the  number  of  bonds  broken  and  so 
the  values,  moles  of  gas  per  100  electron  volts,  are 

relatia^to  the  number  of  degradatlve  events.  Data  for  a  ser¬ 
ies  of  phenyl  and  methyl  substituted  slloxanes  are  listed  in 
Table  I, 

The  gas  obtained  had  a  condensable  fraction  which  re¬ 
mained  relatively  constant  within  the  series.  This  and  the 
gas  composition  indicated  that  such  gases  were  derived  from 
the  phenyl  groups  whose  concentration  was  held  relatively  con¬ 
stant  within  the  series.  The  non -condensable  gases  varied 
directly  with  the  concentration  of  methyl  groups.  The  param¬ 
eter  methyl  listed  in  the  last  colximn  of  Table  I  is  a  number 
defined  by  Burton^  as, 

^  .ethyl  -  lai  ^  " 


In  these  sums  all  electrons  are  counted,  not  Just  those  in 
valence  positions. 


Similar  gas  data  for  more  standazni  materials  are  listed 
in  Table  2. 


The  correlation  between 


and  ^  methyl 


from  both  tables  is  quite  good.°"TniB°fficy“eit  be  noted  in 

°noh-con4enBable  ^ 


The  range  of  stability  exhibited  by  these  fluids  is 
large.  The  least  stable  all  methyl  fluid  produces  more  than 
100  times  the  amount  of  gas  produced  by  the  most  stable  high 
phenyl  fluid  shown.  One  might  Judge  silicones  as  poor  in 
radiation  resistance  if  one  had  experience  only  with  all 
methyl  fluids.  The  high  phenyl  fluids,  however,  are  compara¬ 
ble  to  organic  polymers  of  high  aromatic  content. 


The  one  point  which  falls  below  the  curve  is  for  a  mater¬ 
ial  which  is  a  crystalline  solid.  All  the  others  are  fluids. 
One  might  guess  that  the  mechanism  of  radiation  damage  in  a 
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solid  is  different  from  that  in  a  liquid.  This  is  confirmed 
by  dissolving  the  solid  in  the  next  higher  liquid  member.  Data 
for  such  a  solution  fall  on  the  straight  line. 

GREASES 

The  radiation  stability  of  these  fluids  was  also  indica¬ 
ted  by  the  behavior  of  greases  formulated  from  them.  Two 
fluids  from  Figure  1  were  compounded  into  greases  using  copper 
phthalooyanlne  as  a  thickening  agent.  These  greases  were  ex¬ 
posed  in  covered  tin  plated  steel  cane  to  gamma  radiation  from 
Co^.  As  a  measure  of  radiation  damage  one  obtained  data  on 
the  changes  in  micro  penetrometer  at  various  dose  levels  as  in 
Figure  2, 

Damage  first  is  noted  by  a  thinning  (rising  penetrometer) 
followed  by  a  pronounced  hardening  (falling  penetrometer). 

This  process  is  much  faster  in  the  grease  formulated  from  the 
fluid  with  the  higher  electron  fraction  for  methyl  -  the  less 
radiation  stable  fluid  produces  a  less  stable  grease. 

In  addition  to  the  effect  of  the  stability  of  the  fluid 
one  must  also  consider  the  Influence  of  the  nature  of  the 
thickening  agent.  A  series  of  greases  were  prepared  with  710 
fluid,  ^methyl  ■  .195  andgwere  radiated  in  tin  plated  steel 
cans  by  gamma  rays  from  Co°^,  The  damage  as  noted  by  changes 
in  pentrometer  with  varying  doses  may  be  noted  in  Figure  3. 

The  filler  has  a  very  marked  effect  on  grease  stability 
and  of  those  tested  aryl  urea  and  copper  phthalocyanlne  are 
outstanding. 

One  must  also  consider  the  initial  molecular  wtelght  of 
t^e  fluid  since  radiation  serves  to  cross  link  high  molecular 
weight  fluids  to  a  gel  point  sooner  than  low  molecular  weight 
liquids.  This  effect  may  be  noted  in  Figure  4, 

Despite  the  higher  electron  fraction  for  methyl  (0,245) 
the  lower  molecular  weight  fluid  (750)  is  damaged  no  more 
rapidly  than  the  liquid  of  lower  e  methyl  (0,195)  but  higher 
molecular  weight  (1250),  In  essence  the  two  opposing  influ¬ 
ences  have  effectively  canceled  each  other. 

In  summary,  for  greases  and  fluids  the  electron  fraction 
for  methyl  in  a  silicone  material  predicts  the  amount  of  gas 
evolved  from  a  fluid  and  the  relative  rate  of  ^rdenlng  of  a 
grease  when  exposed  to  gasna  radiation  from  Co°^.  This  is 
exclusive  of  the  factors  of  filler  and  molecular  weight. 
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RESINS 


Silicone  resins  are  inherently  radiation  stable  because 
of  their  high  phenyl  content  and  lower  sensitivity  to  addition¬ 
al  cross  linking.  The  data  of  Table  5  show  that  laminates 
prepared  from  typical  silicone  resins  do,lose  some  strength 
after  an  exposure  of  lOgQreps  (O.85  x  lO'*’'*’  ergs/gm  carbon)  of 
gamma  radiation  from  Co°  . 

Actually  the  strength  at  a  high  temperature  is  Increased 
by  the  additional  cross  linking  from  radiation. 

Dielectric  properties  are  also  slightly  lowered  by  the 
same  10^  rep  exposure  as  may  be  noted  in  Table  4, 

Electrically  or  structurally  silicone  resins  would  be 
quite  acceptable  after  this  high  dose  of  radiation, 

RUBBERS 


Rubbers  are  among  the  most  sensitive  engineering  materials 
since  they  are  of  high  molecular  weight  and  thereby  are  affect¬ 
ed  by  slight  changes  in  cross  linking  level.  Elongation  is 
markedly  affected  by  radiation  and  one  might  rate  a  series  of 
rubbers  as  to  their  radiation  resistance  by  the  dose  required 
to  lower  the  elongation  to  505^.  Figure  5  shows  such  data  for 
a  series  of  silicone  rubbers  of  varying  ^  aliphatic.  These 
were  silica  filled  rubbers  cured  by  conventional  peroxides. 

High  phenyl  content,  reflected  by  low  ^  ,  produces 

rubbers  which  require  more  than  five  timBB^al^mach  radiation 
as  is  needed  to  produce  equivalent  damage  in  conventional 
dlmethylpolysiloxanes,  Subsequently  it 

will  be  shown  that  the  moiv^reiistant  rubber  of  Figure  5  is 
comparable  to  the  best  combination  of  anti  rad  and  natural 
rubber  in  room  tempera tvire  radiation  exposure  and  is  outstand¬ 
ing  in  a  combined  radiation  and  high  temperature  environment 
(200*C). 


To  Show  the  luiusual  properties  of  the  radiation  resistant 
stock  one  might  compare  the  retention  of  Initial  elongation 
with  the  spectrum  of  properties  attainable  with  commercial 
silicone  rubber  stocks  as  in  Flgixre  6, 

Natural  rubber  devoid  of  a  special  anti-rad  is  also  shown 
in  this  figure  to  Indicate  that  many  silicone  rubbers  are  com¬ 
parable,  At  one  time  we  had  hopes  that  the  incorporation  of 
anti  rads  might  Improve  silicone  rubbers  as  they  have  natural 
rubber.  A  survey  of  more  than  90  compounds  used  by  others  as 
anti  rads  has  failed  to  yield  a  single  compound  which  will  im¬ 
prove  commercial  silicone  rubbers  in  their  resistance  to  radi¬ 
ation  at  room  temperature.  Some  measurements  give  promise 
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that  anti  rads  may,  be  found  which  will  Improve  the  radiation 
resistance  of  the  high  phenyl  stock  significantly. 

The  behavior  of  modulus  (Modulus  «  Tension  (psi)  at  a  » 

o  -  l/o^ 

1.5)  for  standard  stocks  and  the  radiation  resistant  rubber 
Is  shown  in  Figure  7.  Again  It  Is  clear  from  the  unchanged 
modulus  that  the  radiation  resistant  stock  Is  scarcely  affect¬ 
ed  by  100  X  10°  rads  (lO^^ergs/gm  carbon). 

A  comparison  with  other  elastomers  Is  possible  from  data 
of  J.  W.  Bom^  and  Harrington-^.  In  Table  5  the  retention  of 
elongation  after  90  megarads  is  shown  for  various  elastomers 
listed  in  order  of  decreasing  stability. 

The  radiation  resistant  stock  compares  favorably  with  the 
combination  of  natural  rubber  and  best  anti  rad.  It  may  be 
possible  to  Improve  the  resistance  of  the  high  phenyl  stock 
by  the  use  of  special  anti  rads. 

The  real  test  of  rubber-like  materials  Is  found  in  the 
combined  environment  of  radiation  and  high  temperatures.  Our 
own  experiences  show  that  the  effects  of  the  two  environments 
are  not  simply  additive.  The  combined  environment  Is  Invari¬ 
ably  more  severe  than  one  would  expect.  Figure  8  shows  data 
fogo^he  change  In  elongation  with  dose  of  gamma  rays  from 
Co°  in  a  temperature  envlroriment  of  200®C.  Such  a  tempera¬ 
ture,  while  quite  damaging  to  organic  rubbers,  only  slowly 
affects  most  silicone  rubbers. 

The  simultaneous  environment  Is  quite  damaging  for  the 
standard  silicone  rubber  formulations,  but  the  radiation 
resistant  stock  Is  outstanding  In  Its  performance. 

Another  way  of  showing  the  effects  of  radiation  alone 
and  of  the  combined  environments  Is  from  measurements  of 
modulus  which  yield  slope  values  ^Modulus/^  Dose  from  the 
change  In  modulus  with  dose.  The  data  for  standard  stocks  and 
the  radiation  resistant  rubber  are  summarized  for  room  temper¬ 
ature  and  200®C  radiation  exposures  In  Table  6. 

Since  modulus  values  are  proportional  to  the  nvunber  of 
cross  links  In  a  rubber,  these  slope  figures  are  measures  of 
the  relative  ease  of  forming  cross  links  by  radiation. 

While  comparisons  have  been  made  of  the  properties  of 
the  radiation  resistant  rubber  with  other  rubbers  under  a 
variety  of  conditions,  no  actual  properties  have  been  listed. 
Since  these  values  are  often  desired  for  engineering  design, 
such  data  are  sxumnarlzed  for  the  room  temperature  radiation  In 
Table  7. 
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While  the  initial  properties  of  the  rubber  are  not  all 
that  one  might  desire,  it  should  be  remembered  that  this  is 
a  new  composition  with  a  limited  compoimdlng  history.  With 
added  experience  with  this  new  material  one  may  expect  reason¬ 
able  improvements  in  physical  properties. 

Similar  data  for  the  combined  environment  are  summarized 
in  Table  8. 

The  initial  properties  of  this  particular  formulation  are 
considerably  better  than  those  of  the  sample  in  Table  7, 

Some  prellmlnaiv  experiments  with  this  stock  at  high 
temperatures  indicate  that  its  performance  in  the  combined 
environments  may  be  improved  by  the  use  of  anti  rads. 

In  siimmary,  silicones  as  a  class  cover  a  wide  range  of 
polymer  compositions  among  which  are  materials  of  outstanding 
radiation  resistance.  Perhaps,  more  Important,  some  of  these 
polymers  give  promise  of  excellent  performance  in  ccmbined 
environments  of  radiation  and  high  temperatures. 
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H  =  0.49  +0.02  ev/atom.  Both  of  these  values  of  the  activation  energy 
make  of  the  order  of  10  3  sec,  which  is  about  the  period  of  atomic 
thermal  motion. 

If  the  polystyrene  specimen  is  now  irradiated  at  about  300°K,  with 
7  X  loT  rads  oj  5"Mev  electrons,  it  appears  that  the  peak  believed  to 
exist  below  90  K  has  shifted  to  lie  now  at  about  104  +2°K,  while  the 
old  peak  near  120  K  has  not  shifted,  and  the  peak  near  265°K  has  all 
but  disappeared  (see^Fig.  1).  There  still  appears  to  be  an  indication 
of  a  peak  beyond  310  K. 

Note  that  the  irradiation  at  lo>:  temperature  with  5  x  10'  rads  of 
5-Mev  electrons  produced  results  much  more  similar  to  those  of  the  unlr- 
I’adiated  case. 

Turning  now  to  the  high-density  polyethylene  data  shown  in  Figs.  4 
and  5^  it  is  at  once  evident  that  the  modulus  defect  that  restilts  as  the 
large  energy-loss  peak  is  traversed  does  not  satisfy  the  requirement  that 
it  be  small  compared  with  unity,  and  it  most  certainly  does  not  satisfy 
relation  (5). 

^  By  varying  the  frequency,  one  can  produce  a  shift  in  the  peak  at 
185  K,  measured  at  7OOO  cps,  that  corresponds  to  an  activation  energy 
of  0.30  +0.03  ev/atom;  and  once  again  is  of  the  order  of  10"^3  gee. 
According  to  current  literature, this  peak  should  correspond  to  t^e 
so-called  gamma  peak,  wjth  the  beta  peak  starting  to  form  beyond  3OO  K. 

Irradiation  at  300  K  with  7  x  l.o'^  rads  of  5-Mev  electrons  produced 
a  decrease  in  Young's  modulus  at  lovr  temgeratures,  but  a  slight  increase 
at  room  temperature.  Irradiation  at  100°K  with  a  small  dose  (2  x  10'  rads) 
produced  only  a  very  sli^t  decrease  at  low  temperature  and^about  the 
same  increase  at  room  temperature  as  was  found  with  the  300  K  irradiation. 

CONCLUSIONS 


Considering  the  dispersion  data  as  a  whole,  it  would  seem  that  the 
irradiation  temperature  definitely  influences  the  details  of  the  radiation- 
damage  mechanism.  One  can  also  conclude  that  low-temperature  irradiation 
generally  retards  the  magnitude  of  the  radiation-induced  changes. 

The  polyethylene  data  are  focused  on  the  behavior  of  the  gamma  peak; 
this  peak  is  believed^  to  be  caused  by  methyl-group  twisting  motions  re¬ 
sponding  to  a  stress  applied  to  the  whole  chain.  Since  these  motions 
would  probably  be  strongly  restricted  in  the  close -packed  regions  of  the 
polyethylene  crystallites,  it  is  thought  that  the  barrier  region  with 
H  =  0.30  ev  is  populated  only  by  relatively  free  segments  of  the  polymer 
chain  between  crystallites.  Upon  irradiation,  the  cross-linking  of  adja¬ 
cent  chains  can  produce  enough  distortion  around  the  cross-linked  points 
to  disturb  the  close  packing  in  the  crystallites,  thereby  increasing  the 
amount  of  "free"  lengths  of  chain  and  hence  lowering  the  modulus  at 
nitrogen  temperatures,  as  well  as  the  room -temperature  density,  by  a 
method  not  connected  with  relaxation.  At  the  same  time,  this  mechanism 
qualitatively  accoiints  for  the  rise  in  modulus  at  room  temperatures, 
because  the  structure  has  more  cross-links  to  stiffen  the  structure  at 
the  hi^  temperatures.  The  low -temperature  data  might  indicate  that 
the  amount  of  distortion  caused  by  cross-linking  within  the  crystallites 
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is  less  •when  the  chains  are  cross-linked  at  low  tenqperature;  this 
speculation  is  also  consistent  with  the  room-ten5)erature  density  measiire- 
ments  made  on  the  low-temperature  irradiated  specimens. 

The  polystyrene  data  show  that  in  the  early  stages  of  damage  at 
least  three  significant  molec\:G.ar  changes  result:  (l)  A  low-energy 
harrier  corresponding  to  the  peak  below  90°K  is  shifted  to  104°K. 
Energetically,  this  corresponds  to  a  change  in  barrier  hel^t  of  perhaps 
from  0.13  to  0.18  ev,  assuming  that  Tq  »10”  3  sec  for  all  the  low- 
ten5>eratvire  peaks.  (2)  The  barrier  at  120°K  (0.20  ev)  remains  unchanged, 
•while  the  releocation  s-brength,  or  number  of  configurations  at  that  bar¬ 
rier  height,  is  perhaps  increased.  (3)  The  barrier  at  260°  to  270°K 
probably  remains  Tjnchanged  in  height,  but  the  number  of  configurations 
at  that  height  is  definitely  reduced.  It  also  must  be  bom  in  mind 
that  polystyrene  structurally  resembles  glass  more  closely  than  does 
a  partially  crystalline  polymer  like  polyethylene.  It  is  Interesting, 
therefore,  to  compare  the  "deformation  losses"  discussed  by  Volger^^ 
in  glass  with  the  polystyrene  low-temperature  peaks.  The  deformation 
losses  are  characterized  by  quite  low  (O.05-  to  0.2-ev)  actl^vation 
energies,  as  well  as  by  having  Tq  =  10  ^3  sec.  It  has  been  specxolated 
that  they  are  caused  by  slight  reorientations  of  certain  metallic  ions 
under  the  influence  of  lattice  deformation.  The  low  energies  are  belie^ved 
to  arise  from  the  relatively  open  reuidom  skeletal  structure  possessed  by 
glass.  Perhaps  in  similar  fashion  the  low-temperature  peaks  in  polysty¬ 
rene  can  be  accoiinted  for  by  reorientation  of  molecular  groups  (e.g. ,  of 
benzene  rings).  Radiation-induced  defects  (e.g.,  active  hydrogen)  could 
create  or  induce  such  additional  bonding  as  would  hinder  the  easy  motion 
of  such  a  group,  thereby  raising  its  energy  barrier. 

One  of  the  most  dlfflc\ilt  problems  in  obtaining  Information  from  low- 
temperature  meas\irements  is  to  decide  "whether  the  major  effect  of  the  low 
tenqjerature  is  to  slow  the  diffusion  of  the  defect,  or  to  slow  its  reac¬ 
tion  rate,  or  both;  in  any  case,  one  must  first  find  a  good  measure  of 
the  irradiation  effect. 

Since  the  polystyrene  results  indicate  that  one  is  dealing  here  with 
a  fairly  good  linear  relaxation  mechanism  and  that  this  mechanism  is 
certainly  being  influenced  by  irradiation  and  irradiation  temperature, 
it  is  felt  that  more  detailed  low -temperature  in^vestigations  of  this 
polymer  should  be  fruitful  in  unco^verlng  the  atomic  details  of  the  damage 
event.  Hand  in  hand  with  such  a  mechanical  investigation  should  be  an 
investigation  of  the  existence  and  actions  of  free  hydrogen  and  other 
free  radicals  by  electron  spin  resonance  methods;  this  type  of  in^vesti- 
gation  is  currently  imder  way  at  General  Atomic. 
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RADIATION  EFFECTS  ON  ORGANO-SILICONS 

by 

T.  W.  Albrecht 
Convalr 

A  Division  of  General  Dynamics  Corporation 
Fort  Worth,  Texas 

The  paper  discusses  the  heat,  radiation,  and  oxidative 
stability  of  silicon  materials.  A  stepwise  energy  reduc¬ 
tion  mechanism  for  oxygen  Is  proposed  that  allows  molecular 
oxygen  to  be  changed  to  atomic  oxygen  in  30-40  Kcal  incre¬ 
ments  rather  than  In  steps  of  9^  Kcal.  The  mechanism  helps 
explain  the  relative  ease  of  oxidation  of  silicon  materials 
and  the  products  formed  at  relatively  low  temperatures. 

In  this  discussion  an  attempt  will  be  made  to  explain  the 
behavior  of  a  polymethyls iloxane  material  In  an  environment  comparable 
to  that  anticipated  for  a  nuclear-powered  aircraft.  Thus,  by  neces¬ 
sity,  the  organo-slllcon  material  will  have  to  be  evaluated  In  the 
presence  of  air  (oxygen),  at  elevated  temperatures,  and  In  a  nuclear 
radiation  field. 

Atkins  et  al,^  heated  a  polymethyls iloxane  in  air  and  studied 
the  rates  at  which  formic  acid  and  formaldehyde  were  produced  at 
175*^,  200°  and  225°C.  They  found  the  polymethyls  iloxane  to  be  com¬ 
paratively  stable  at  175°C;  the  rate  of  breakdown  at  225°C  was 
twice  that  at  200°C,  at  which  temperature  the  breakdown  was  slow. 
V/ithout  any  oxygen  in  the  system,  the  polymethyls iloxane  materials 
were  reported  to  be  stable  to  approximately  400°C. 

Pauling^  describes  tho  different  excited  states  oP  the  oxygen 
nolecule.  The  excited  states  are  summarized  in  Table  I.  It  can 
be  observed  from  Table  I  that  there  is  very  little  difference  in 
the  bond  strengths  of  molecular  oxygen  in  the  double  bond  form  and 
he  single  bond  two-three-electron  excited  form  (A  and  B).  With  the 
breaking  of  one  of  the  throe-electron  bonds  (B  to  C),  the  bond 
strength  decreases  by  more  than  one- third.  The  next  excited  state 
(D)  reduces  the  bond  energy  to  a  value  less  than  4o  percent  of  the 
original.  The  bond  distances  of  the  different  excited  states  sub¬ 
stantiate  the  differences  in  their  bond  strengths.  The  final  product, 
as  shown  in  (E),  is  the  extremely  reactive  atomic  oxygen  sometimes 
referred  to  as  nascent  or  free  radical  oxygen. 
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With  the  aid  of  the  Arrhenius  equation,  K  =  Sexp (-AH/RT) ,  an 
estimation  of  the  temperature  required  to  break  a  bond  can  be 
obtained  (k  is  the  log  of  the  dissociation  constant,  S  is  a  constant 
10^3^  ah  is  the  heat  of  activation  of  the  bond,  R  is  the  gas 
constant  1.9B7j  T  is  the  temperature  in  degrees  Kelvin. ),  An  appli¬ 
cation  of  a  first  order  reaction  using  this  equation  is  shown  in 
Figure  1.  Here  the  log  of  the  dissociation  constant  is  plotted 
against  the  heat  of  activation.  The  temperature  lines  give  an  approxi¬ 
mation  of  the  rates  of  reaction  at  any  value  of  the  heat  activation. 
Assuming  the  pyrolytic  breakdown  of  the  polymethyls iloxane  to  be  a 
first-order  reaction,  and  plotting  the  temperature  lines  for  175°, 

200°  and  225°C,  as  used  by  Atkins  et  al.,  it  is  possible  to  observe 
the  differences  in  decomposition  half-lives.  At  175°C  the  half-life 
was  found  to  be  33  days  (790  hours),  at  200°C,  it  was  JO  hours;  and 
at  225°C,  it  was  six  hours.  These  results  indicate  that  the  oxida¬ 
tive  change  takes  place  at  approximately  the  4o  Kcal  per  mole  energy 
level.  This  is  considerably  less  than  the  400°C  temperatures  or 
60  Kcal  per  mole  required  for  pyrolysis  of  the  polymethyle iloxane 
in  the  absence  of  air. 

In  general,  oxygen  can  react  with  the  polymethyls iloxanes  in 
one  of  two  ways;  as  a  radical  scavenger;  or,  as  a  free  radical, 
both  in  the  molecular  or  atomic  form.  In  Table  II  an  attempt  has 
been  made  to  Illustrate  the  radical  scavenger  type  of  reactions. 

These  reactions  require  the  (Si-C)  or  the  (C-H)  bond  to  be  broken 
before  the  oxygen  can  link  the  two  free  radical  fragments  together. 

This  can  hardly  be  the  dominant  mechanism,  as  the  temperatures,  in 
most  cases,  are  not  high  enough  to  result  in  an  appreciable  bond 
separation. 

Table  III  Illustrates  oxygen  as  a  free  radical.  In  these 
reactions  the  oxygen,  as  a  free  radical  in  a  higher  energy  state, 
can  remove  a  hydrogen  from  a  methyl  group,  forming  the  hydroperoxide 
radical  and  a  methylene  radical  attached  to  the  polymer.  The 
hydrogen  is  removed  from  methyl  groups  until  the  oxygen  is  reduced 
to  water.  Formulas  1  through  4  show  that  each  superoxide  form  of 
molecular  oxygen  is  potentially  capable  of  forming  four  methylene 
radicals  on  the  polymethyls  iloxane  pol;,>mer.  The  methylene  radical 
previously  formed  can  then  react  with  the  molecular  oxygen  to  foirni 
a  peroxide-free  radical.  Because  of  the  electronegativity  of  the 
two  oxygens  attached  to  the  carbon  (methylene  group),  the 
electron  density  between  the  silicon  and  the  carbon  is  shifted  away 
from  the  silicon  atom,  causing  the  (Sl-C)  bond  to  be  weakened.  The 
bond  strength  of  the  (Sl-C)  bond  decreases  from  68  Kcal  per  mole  to 
a  value  of  approximately  4o  Kcal  per  mole.  This  corresponds  to  a 
temperature  of  approximately  200°C.  When  the  bond  breaks,  formic 
acid  and  a  silicon  free  radical  attached  to  the  polymer  are  formed. 
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Another  molecule  of  oxygen  then  becomes  attached  to  the  silicon  free 
radical,  forming  the  silicon  peroxide  free  radical.  The  latter  free 
radical  can  then  remove  a  hydrogen  from  a  methyl  group,  to  foirni  the 
silicon  hydrogen  peroxide  and  another  methylene  free  radical  on  the 
polymer.  The  silicon  peroxide  brealcs  at  the  oxygen  (peroxide)  bond, 
forming  the  hydroxyl  radical  and  the  silicon-oxygen  free  radical. 

The  energy  necessary  to  break  the  peroxide  oxygen  Is  3l4-  Kcal  per 
mole.  The  silicon-oxygen  free  radical  can  remove  a  hydrogen  from  a 
methyl  group,  thus  forming  a  hydroxy  group  on  the  silicon  and  another 
methylene  radical  attached  to  the  polymer.  The  hydroxyl  radical 
can  remove  a  hydrogen  from  a  methyl  group  forming  water  and  another 
methylene  radical  attached  to  the  polymer.  The  sll Icon-hydroxyl 
groups  can  condense  to  form  the  slllcon-oxygen-slllcon  crosslink 
and  a  molecule  of  water. 

Therefore  each  methylene  radical  that  la  formed  can  react 
with  molecular  oxygen  to  produce  three  additional  methylene  radicals, 
one  molecule  of  formic  acid,  one  molecule  of  water  and  one  hydroxyl 
group  attached  to  the  silicon  or  one-half  of  a  (Si-O-Sl)  crosslink. 

When  a  polymethylalloxane  material  Is  Irradiated,  all  of  the 
chemical  bonds  are  susceptible  to  being  broken.  The  irradiation  of 
the  fluids  In  the  absence  of  oxygen  produces  hydrogen,  methane 
and  methane  polymers These  tests  have  shown  that  the  (Sl-C) 
and  (C-H)  bonds  are  vulnerable. 

With  molecular  oxygen  in  a  radiation  system,  strong  oxidizing 
reagents  are  formed.  This  can  result  from  the  reaction  of  oxygen 
combining  with  atomic  hydrogen  to  form  hydroperoxide  (HOp),  from 
the  breaking  of  the  molecular  oxygen  {0=0)  bond  to  forft  atomic 
oxygen  and  ozone.  Since  one  of  the  products  of  oxidation  is  water, 
hydroxyl  radicals  can  be  expected.  The  hydrogen  from  the  radiation 
breakdown  of  water  can  imite  with  oxygen  to  form  additional  hydro¬ 
peroxide,  The  methylene  radical  (RCH2*)  'vdiich  results  from  the 
break  of  the  (C-H)  bond,  can  be  oxidized  to  form  a  peroxide 
radical.  With  temper atiares  below  the  thermal  rupturing  point  of 
the  (Si-C)  bond  (as  shown  in  Table  III),  this  radical  can  acquire 
a  hydrogen  from  a  methyl  group, forming  a  methylene -hydrogen  peroxide 
and  another  methylene  radical.  The  rate  at  \diich  the  peroxide 
oxygen  or  the  s 11 Icon- carbon  bonds  will  break  will  be  temperature- 
dependent  if  the  polymethyls 11 oxane  material  follows  the  pattern 
observed  for  several  different  types  of  organic  fluids. 
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The  radical  scavenger  reactions  as  shown  in  Table  II  become 
more  Important  in  a  radiation  field  because  of  the  increase  in 
the  number  of  bond  breaks.  Since  not  all  of  the  radiation- 
produced  free  radical  fragments  formed  by  the  bond  cleavage  will 
return  to  their  original  bond  site,  or  be  scavengered  by  the  oxygen, 
a  number  of  methyl  radicals  will  be  oxidized  to  formaldehyde. 

This  may  be  visualized  as  follows: 


*  O2  - ►  GH3OO* 

CH3OO*  ♦  RCH3 - -  CH^OOH  ♦  RCH2* 

CH3OOH - ►CH^O  I  H2O 


Table  IV  svimmarlzes  the  effects  of  the  combined  environ¬ 
ments  upon  a  polymethylsiloxane  material.  The  common  free  radicals 
formed  for  all  combinations  are  the  RCH2‘**^  and  the  R*.  The  presence 
of  oxygen  forms  the  silicon-oxygen-silicon  cross-linking  along 
with  the  oxidative  products  of  methane. 

The  relative  amounts  of  the  different  products  are  unknown, 
but  more  than  likely  these  will  depend  upon  the  oxygen  concentra¬ 
tion  and  dlf fusibility,  the  temperature  during  the  test,  and  the 
type  and  energy  of  the  radiation  used  for  the  experiment, 
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The  changes  In  polymers  irradiated  with  Co° 
ganttna  rays  vere  studied  .with  reference  to  formation 
of  gas  molecules,  crosslinking,  and  scission  in  air 
and  in  vacuum,  as  evidenced  by  mechanical  properties 
such  as  "zero- strength- time"  and  free-radical  accu¬ 
mulation  and  disappearance  as  shown  by  electron  spin 
resonance.  The  polymers  studied  were:  Teflon, 

Teflon  lOOX,  Kel  P,  Kel  F  elastomer,  Vlton  A,  and 
trlf luoroethylene .  These  polymers  show  great  differ¬ 
ences  in  radiation  stability  depending  upon  environ¬ 
ment  and  constitution.  The  molecule  hexafluorobenzene 
showed  outstanding  radiation  stability,  approximately 
comparable  to  benzene,  and  would  be  a  promising  basis 
for  the  preparation  of  resistant  polymers.  Mixtures 
with  added  hydrocarbon  materials  were  somewhat  less 
stable.  It  appears  that  radicals  in  Teflon  .build  up 
approximately  linearly,  at  least  up  to  a  dose  of  72 
megr,  and  disappear  very  slowly  in  vacuum,  while  in 
a  perfluoropropene-tetraf luoroethylene  copolymer  the 
radical  concentration  shows  signs  of  leveling  off  at 
50  megr  and  probably  declines  somewhat  in  two  days. 


Fluorocarbon  polymers  are  useful  under  severe  conditions 
of  high  temperature,  solvents,  and  corrosive  environments,  but 
according  to  previous  reports  they  are  very  sensitive  to  radi¬ 
ation.  Since  there  is  relatively  little  Infomatlon  availa¬ 
ble  on  this  latter  subject  it  is  desirable  to  have  a  better 
understanding  of  the  behavior  of  the  various  commercial  and 
the  potentially  commercial  fluorocarbon  products  in  radiation 
fields.  The  reported  information  is  almost  exculslvely  about 
Teflon.  It  may  be  somewhat  misleading  if  extended  to  the 
whole  class  of  fluorocarbon  products  because  the  molecules  of 
Teflon  appear  to  have  exceptionally  low  Intermolecular  forces. 
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and  thus  technically  useful  polymers  are  required  to  have  very 
high  molecular  weights  with  consequent  great  sensitivity  to 
radiation  damage. 

Occasionally  sensitivity  to  radiation  Is  useful;  thus 
radiation  has  been  used  to  prepare  graft  copolymer  on  a  base 
of  Teflon,^  and  Is  reported  to  bring  about  the  crosslinking  of 
a  perf luoropropene-vlnylldene  fluoride  copolymers  to  a  tough 
rubbery  product.^  Methods  for  crosslinking  fluorocarbon  poly¬ 
mers  In  general  would  Increase  their  usefulness.  In  addition 
to  the  present  range  of  fluorocarbon  polymers  available  com¬ 
mercially  or  on  a  pilot  plant  scale,  there  are  at  least  two 
types  of  fluorocarbon  structure  of  which  one  may  expect  a 
different  order  of  radiation  resistance,  the  perfluoroaromatlc 
ring  and  the  perfluorotrlazlne  ring.  So  far,  only  exploratory 
polymers  have  been  disclosed  using  these  aromatic  and  quasi- 
aromatic  systems;  examples  are  a  polyphenyl  of  low  molecular 
weight^  and  several  perfluoroamldlne  copolymers. 

This  article  summarizes  the  results  to  date  of  a  program 
for  studying  the  effect  of  radiation  upon  fluorocarbon  polymers 
and  simpler  molecules  at  high  and  low  temperatures.  Radiations 
have  been  done  mainly  with  a  2000— Curie  Cpbalt-60  source,  with 
radiation  fields  of  the  order  of  0.6  x  10°  R/hour.  Temperatures 
from  4*  K  to  about  500°  C  are  available.  Chief  reliance  has 
been  placed  upon  mass  spectrometry  for  the  determination  of 
volatile  products  and  solution  viscosity  and  mechanical  proper¬ 
ties  such  as  "zero-strength-time"  (ZST)^  for  Indicating  the 
molecular  weight  and  amount  of  crosslinking.  Electron  spin 
resonance  (e.s.r.)  has  also  thrown  some  light  on  the  numbers 
and  kinds  of  free  radicals  present . 

The  work  Is  divided  Into  two  fields  by  differences  of 
technique  and  object:  (a)  Irradiation  of  f luorocairbon  poly¬ 
mers  and  (b)  radiation  chemistry  of  small  molecules,  with 
emphasis  on  perfluoroaromatlc  structures. 

POLYMERS 

Teflon.-  There  is  considerable  literature  on  radiation 
damage  of  Teflon.  The  material  has  been  listed  as  easily 
damaged, °  losing  all  stre^th  at  about  2.5  x  10°  R.  A  limited 
study  of  Teflon  under  Go°°  Y-radlation  showed  reduction  of  a 
thousand-fold  after  10°  R. '  When  irradiated  In  the  presence 
of  water  and  air,  the  yield  of  ionic  fluoride  Is  about  0.2 
atoms/100  e.v.°  The  volatile  products  include  CF^.^  The 
electron  spin  resonance  spectrum  Is  known  to  cover  a  region  of 
about  210  gauss  at  about  9000  megacycles,  and  to  contain  7  or 
8  partially  resolved  peaks;  It  Is  also  stated  that  the  reson¬ 
ance  has  a  life  of  many  months.  The  pattern  Is  changed  by 
reaction  with  molecular  oxygen.  is  disagreement  over 

precise  features  of  the  spectrum. 
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In  the  present  study  the  yields  of  the  volatiles  are  shown 
in  Table  1.  Carbon  tetraf luoride  was  present  but  not  especially 
prominent.  The  yields  of  CO2  and  SIP4  suggest  an  attack  of 
corrosive  fluorocarbon  fragments  upon  the  glass.  Probably 
no  monomer  is  produced,  a  mass  spectrometer  peak  at  mass  100 
(the  molecular  weight  of  C2P4)  being  attributable  to  larger 
molecules.  Besides  the  fluorocarbon  molecules  reported,  there 
Is  also  formed  some  material  which  can  be  sublimed,  perhaps 
fluorocarbons  of  the  C20-C40  range.  The  effect  of  post  heating 
Is  small. 

Radicals  appear  to  build  up  linearly  in  the  solid,  with 
no  apparent  falling  off  over  a  period  of  l84  hours  In  which 
64.0  X  10^*^  e.v./g  were  absorbed.  There  is  some  uncertainty 
about  the  scale  of  the  original  measurements,  but  five  months 
later  the  radicals  still  remaining  viere  equivalent  to  a  yield 
of  0.197  radicals  per  100  e.v.  (Pigs.  1  and  5) • 

Teflon  lOOX.-  This  new  copolymer  of  C2P4  and  C5P5  Is 
chemically  much  like  Teflon,  but  decomposes  at  somewhat  lower 
temperatures,  and  also  softens  at  much  lower  temperatures  so 
that  it  can  be  molded  In  conventional  equipment  around  500°  C. 
Upon  Irradiation  In  air  the  mechanical  deterioration  Is  ex¬ 
treme  j  strips  for  ZST  cannot  be  handled  much  above  10  megr 
dose  (Plg.  4,  curve  l) .  In  vacuum  the  deterioration  Is  much 
slower  and  seems  to  be  preceded  by  an  anomalous  slight  rise 
(Pig.  4,  curve  2).  A  rise  would  usually  indicate  crosslinking, 
but  with  this  polymer  it  Is  very  hard  to  Imagine  a  reasonable 
mechanism  for  the  formation  of  crosslinks.  Comparison  of 
samples  in  air  and  vacuum  shows  that  at  the  existing  combina¬ 
tion  of  dose  rate  (about  0.6  megr/hr)  and  strip  thickness  (60 
mil),  the  air  diffuses  Into  the  Interior  of  the  strip 
rapidly  enough  to  sustain  the  characteristic  monotonlc  chain 
scission. 

The  e.s.r.  spectrum  of  the  Teflon  lOOX  Is  different  from 
that  of  Teflonj  the  system  of  peaks  Is  more  poorly  resolved 
but  still  distinguishable  (Plg.  2) .  Plgure  6  shows  the  rate 
of  buildup  of  radicals  estimated  by  e.s.r.  The  yield  of 
trapped  radicals  is  considerable,  about  1.1  radical  per  100 
e.v.  There  Is  some  evidence  that  the  rate  of  decay  of  radical 
concentration  is  detectable  in  a  few  days,  and  thus  more  rapid 
than  for  Teflon. 

Polytrlf luoroethylene .-  The  yield  of  volatiles  Is  shown 
In  Table  2 .  The  SIP4  due  to  corrosive  fluorine  compounds  Is 
Important;  the  precursor  Is  no  doubt  HP  liberated  from  the 
polymer.  Recent  publications^^  indicate  that  CP2CPH  polymeri¬ 
zes  with  frequent  head-to-head  arrangements,  and  thus  with 
-CHFCHP-  groups  In  the  chain  is  able  to  give  up  HP  easily. 
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Kel-F.-  The  ZST  and  the  molecular  weight  as  a  function  of 
dose  are  shown  In  Table  III,  also  Figure  5,  curves  5  and  4.  No 
e.s.r.  signal  was  found  In  a  sample  Irradiated  and  measured  at 
25“  C.  Obviously  chain  scission  dominates. 

A  very  rough  calculation  based  on  published  relations 
connecting  solution  viscosity,  and  osmotic  molecular 
weight, 5^15  leads  to  a  preliminary  estimate  G  (chain  scissions) 
=1,7  sclsslons/lOO  e.v.  This  may  be  compared  with  an  apparent 
G  (F  atoms)  =  7/100  e.v.  derived  from  early  literature  data.^^ 

Kel-F  Elastomer  55OO.-  The  ZST  determinations  show  that 
Kel-F  elastomer  55OO  undergoes  chain  scission  rather  rapidly 
(Fig.  4,  curve  5 ) • 

Kel-F  Elastomer  3700- -  Kel-F  elastomer  5700  crosslinks 
rapidly  at  doees  below  11  megr.  Ultimately,  however,  (at  15 
megr)  degradation  begins  to  dominate  and  the  ZST  decreases 
(Fig.  4,  curve  6).  Once  the  crossllnked  network  has  formed, 
the  ZST  sample  no  longer  undergoes  the  highly  reproducible 
failure  by  viscous  flow  but  falls  Instead  by  transverse 
fracture,  with  a  very  large  random  error.  The  new  behavior 
remains  even  though  the  ZST  later  decreases  to  low  values. 

The  Kel-F  elastomer  has  abundant  sites  for  crosslinking  by  HF 
(or  HCl)  elimination.  For  a  very  short  Interval  Kel-F  elasto¬ 
mer  5500  also  crosslinks. 

Vlton  A.-  The  copolymer  of  C3P5  and  CFoCHo  crosslinks  very 
early  (Fig.  7)^  the  ZST  (at  ll4°  c)  rising  to  Inconveniently 
high  values  before  a  dose  of  1.2  megr  both  In  vacuo  and  in  air. 
This  agrees  approximately  with  other  work^  on  cross linking  by 
radiation.  Post  heating  (100°  C  for  50  minutes)  had  little 
effect.  Very  long  Irradiation  time  in  vacuo  (200  megr) 
vreakened  the  samples  somewhat,  but  the  ZST  remained  unobserva- 
bly  high. 


SMALL  MOLECULES 

The  Irradiation  of  small  molecules  including  hexafluoro- 
benzene,  benzene,  perf luoroheptane,  and  their  mixtures  has 
made  use  of  three  kinds  of  containers  :  (l)  small  thick-walled 

capillary  tubes,  (2)  nickel  capsules  Joined  via  a  nickel 
capj.llary  section  to  small  Kovar  seals,  and  (5)  small  Monel 
bombs  bearing  bellows  valves.  They  have  various  advantages 
and  also  objectionable  features.  The  all-glass  apparatus  (l) 

Is  certainly  vacuum-tight  and  sturdy,  but  probably  reactive 
chemically  and  hard  to  open  for  quantitative  examilnatlon  of 
gaseous  products.  It  has  been  used  so  far  for  mixtures  at 
2l8°C.  The  nickel  capsules  (2)  are  very  fragile  but  can  be 
made  vacuvim-tlght .  Most  of  the  surface  of  the  capsule  is  un- 
reactlve,  but  long-lived  products  such  as  hydrogen  fluoride 
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can  slowly  diffuse  to  the  glass  tubing  end  and  react  there. 
Analytically  this  turns  out  to  be  an  advantage  as  the  SIF]^ 
formed  Is  easily  separated  from  the  main  body  of  less  volatile 
material  and  determined  quantitatively  In  the  mass  spectrometer. 
Unfortunately  the  special  glass  at  the  Kovar  seal  zone  Is 
especially  vulnerable  to  attack;  thus  the  production  of  large 
amounts  of  hydrogen  fluoride  causes  early  failure.  These  cap¬ 
sules  with  Kovar  seals  are  limited  to  a  few  atmospheres  pres¬ 
sure  at  most,  and  therefore  to  temperatures  well  below  100°  C 
for  the  liquids  studied  here.  The  small  Monel  bombs  (5)  are 
unreactlve,  strong,  and  easily  inspected  without  destruction 
after  use,  but  can  be  expected  to  leak  slowly  at  the  valve 
over  long  periods  of  time.  They  have  been  used  for  studies 
under  hydrogen  pressure  and  would  also  probably  be  satisfactory 
for  high  temperature  use. 

Hexaf luorobenzene . -  Pure  hexaf luorobenzene  appears  to 
resist  radiation  in  a  way  reminiscent  of  benzene  Itself  (Tables 
IV  and  V,  first  column;  Fig.  8) .  The  yield  of  "polymer"  (non¬ 
volatile  material  of  uncertain  structure)  Is  about  1.5  C5F5 
unlts/lOO  e.v.  absorbed  at  2l8°,  about  the  same  as  that  of 
benzene  at  this  temperature,  and  at  20°  C  It  Is  1.7  C5F5 
unIts/lOO  e.v.  as  against  O.95  units  (of  C5H5)  for  benzene. 

The  amount  of  corrosive  fluorine  (appearing  as  SIF4)  is  low 
at  room  temperature  (O*0^  atoms/lOO  e.v.  of  F,  appearing  as 
0.01  SlFi|).  At  high  temperatures,  2l8°,  the  yield  of  F  is 
larger,  about  O.76,  which  is  nearly  one  atom  of  F  evolved  per 
polymer  unit  formed.  The  character  of  the  hlgh-temperature 
polymer  Is  different  -  dark  and  Insoluble,  In  contrast  to  the 
clear,  light-yellow,  soluble  glassy  product  formed  at  20°.  The 
structure  of  the  radiation  polymer  from  benzene  Is  known  from 
the  literature  to  be  complicated,  probably  Involving  cyclo¬ 
hexene  and  cyclohexadlene  rings,  and  less  likely  hexatrlene^ 
open  chains.  In  addition  to  the  original  benzene  rings.  b,lD 
The  polymer  from  hexaf  luorobenzene  Is  likewise  complicated. 

The  Infrared  absorption  spectrum,  which  was  done  by  Dr.  John 
J.  Comeford  of  the  National  Bureau  of  Standards,  has  not 
yielded  any  ready  Interpretation  In  terms  of  the  spectrum  of 
the  parent  compound.  The  polymer  Is  also  accompanied  by  small 
amounts  of  slightly  volatile  crystalline  material,  perhaps 
perf luo rob 1 phenyl  or  perf luoroterphenyl . 

Hexaf luorobenzene  and  benzene.-  The  radiation  stability 
of  hexafluorobenzene  in  mixtures  with  ordinary  benzene  depends 
on  the  temperature.  At  high  temperature  (218°)  little  de- 
partiire  from  additivity  Is  noticed  (Table  IV  and  Fig.  8),  but 
at  room  temperature  dilution  with  benzene  steadily  decreases 
the  stability  of  hexafluorobenzene,  at  least  down  to  0.114 
mole  fraction  C5F5  (Table  V  and  Fig.  8).  Qualitatively  this 
increased  sensitivity  is  connected  with  the  possibility  of 
forming  the  highly  stable  molecule  hydrogen  fluoride  In  the 
mixture  but  not  in  either  component  singly.  Any  process  able 
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to  form  this  molecule  is  likely  to  be  highly  exothermic.  Re¬ 
stricting  ourselves  to  free-radical  processes,  a  few  reactions 
in  the  mechanism  may  be: 


CgPg  .  '  *^6^5* 

P*  +  C6H6  *  ->  HP  +  CgH^. 

CgHj.  +  OgPg  - ^  CgHj-OgPg- 

+  '^6%  - ^  C6%'°6®5  + 

2  Radicals  -- — >  Molecule 


were 
obvious : 


It  is  very  ciirious  that  the  mixed  benzenes  CgEcH  and 
not  seen  at  all,  although  mechanism  for  thelr''^forma 


CgH^P 
formation  is 


OgHj-  +  CgPg 


CgHjP  +  CgPg- 


Stiructurally,  some  of  the  possibilities  are  shown  below: 


Since  the  HP  remains  less  than  the  polymer  yield,  some  of  the 
Increased  rate  of  polymer  formation  could  be  due  not  to  HP 
elimination  but  simply  to  the  alternating-polarity  effect 
familiar  in  vinyl  polymerization,  a  fluorocarbon  radical 
preferentially  adding  to  a  hydrocarbon  monomer  molecule,  and 
vice  versa.  The  occurrence  of  a  maximum  in  yields  at  such  a 
low  hexaf luorobenzene  concentration  remains  to  be  ejqplalned. 
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Hexafluorobenzene  and  hydrogen.-  Under  ^4  atmospheres  hydro¬ 
gen  at  room  temperature,  hexafluorobenzene  yields  somewhat  larger 
amounts  of  corrosive  fluorine  than  it  does  in  the  pure  state 
(Table  VI). 

Perfluoroheptane  and  mixtures  with  hexafluorobenzene.-  The 
radiolysis  of  perfluoroheptane  produced  much  higher  yields 

of  corrosive  fluoride  than  C5F5  at  room  temperature,  O.67  atom 
P/lOO  e.v.  (Table  VIl).  The  fragment  molecules  C5F2^jj., 
etc.  were  too  numerous  in  kind  to  permit  any  very  accurate 
analysis  by  the  mass  spectrometrlc  method  used,  especially 
since  the  perf luoroparaffins  occurring  here,  unlike  perfluoro- 
benzene.  furnish  inordinately  few  molecule  ions  and  many  small 
fragnBsnt  ions,  which  adds  to  the  difficulty  of  distinguishing 
individual  compounds  in  a  complex  mixture.  For  this  type  of 
radiolysis  mixture,  an  extended  study  by  vapor  chromatography 
would  be  more  appropriate.  For  determining  the  sioaller  mole¬ 
cules,  e.g.  CPi^,  the  objection  is  unimportant,  as  all  higher 
fluorocarbons  are  frozen  out  during  the  analysis. 

In  mixtures  with  hexafluorobenzene,  the  yields  of  all 
products  are  low  at  high  hexafluorobenzene  concentration 
(Table  VII,  and  Fig.  9).  There  is  some  doubt  about  the  reality 
of  the  maximum  near  0.30-0.40  mol  fraction  CgFg,  because  the 
points  for  pure  CjFi^  are  an  average  of  two  other  discordant 
analyses . 

Other  mixtures . -  It  is  likely  that  some  other  f luorocarbon- 
hydro carbon  mixtures  produce  much  more  hydrogen  fluoride  than 
those  reported  here.  Capsules  of  perfluoroheptane  plus  cyclo¬ 
hexane,  hexafluorobenzene  plus  cyclohexane,  and  perfluoroheptane 
plus  benzene,  exposed  for  the  same  period  as- those  reported 
here,  were  corroded  and  broken  at  the  glass  seal  without 
exception. 


CONCLUSION 

Present  work  has  shown  that  both  crosslinking  and  scission 
occur  in  the  action  of  radiation  upon  fluorocarbon  polymers. 

In  some  cases  scission  seems  to  be  much  reduced  in  vacuo  as 
compared  to  irradiations  in  air.  Electron  spin  resonance  offers 
an  opportunity  to  estimate  the  number  of  radicals  formed  in  the 
irradiation  of  suitable  polymers.  The  hexafluorobenzene  ring 
was  shown  to  be  in  a  different  class  from  saturated  fluoro¬ 
carbon  structures  as  regards  radiation  resistance,  but  sensitive 
when  mixed  with  hydrocarbons.  At  present  the  investigation  of 
perf luoroaromatlc  structures  is  being  extended  to  high  and  low 
temperatures,  and  it  is  Intended  to  investigate  related  struc¬ 
tures  when  they  become  available,  e.g.  triazines,  the  "Florida 
Polymer"  of  H.  C.  Brown,  perf luoropolystyrene,  polyphenyl,  and 
others.  The  extension  of  electron  spin  resonance  Investigations 
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to  very  low  temperatures  offers  hope  of  detecting  atoms  and 
radicals  less  stable  than  those  fovind  In  polymers  thus  far. 
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Table  I.  Radiation  Yields  from  Polytetraf luoroethylene 


G- values. 

molecules/100  e.v. 

Product 

A 

SIF4 

0.148  0 

.211 

0.0005 

COg 

.06 

.12 

.002 

CO 

.056 

.057  Not 

determined 

CP4 

.009 

.005 

.0006 

<.001 

.007 

0 

Trace 

.005 

0 

I-C4P3 

0 

.005 

0 

I-C4F8 

0 

.004 

0 

A:  Irradiated  550  x 

B:  Irradiated  as  In 

10^  R. 

A,  then  post 

heated  500 

for  50  minutes. 


C: 


Effect  of  exposure  to  air.  Irradiated  as 
In  A,  system  evacuated,  opened,  reevacuated, 
heated  510°  15  minutes. 


Table  II.  Radiation  Yields  from  Polytrlfluoroethjrlene 


G(SlPij,),  molecules/lOO  e.v. 

0.668 

0.767 

0.864 

0.94 

G(CHP3) 

.018 

.025 

.016 

.029 

G(C02) 

.092 

.098 

.113 

.125 

G(CO) 

.245 

.147 

.137 

.14 

GCHg) 

.028 

.055 

.120 

.091 

Relative  Q  (laass  82) 

57 

36 

49 

61 

Table  III.  Kel-P  Moleculauc  Weight  Degradation 


Dose,  e.v./g  0  6.15  x  10^® 

ZST,  sec,  250“  C  5^7  90.1 

Molecular  weight  600,000  60,000 


Table  IV.  Radiation  Yields,  C6P6  +  ^50  megr 


Mol  fraction  CgFg 

1.00 

0.256 

0 

G(S1F|^)  molecules/100  ev 

0.21 

0.0265 

0 

G(C2H2) 

0 

.0048 

.017 

G(C0)  "  " 

.054 

.0065 

0 

G(C02) 

.022 

.0048 

0 

G(H2) 

0 

.0075 

.0022 

G(polymer),  CgXg  units/lOO  ev 

1.5  ±  0.2 

1  ±  0.5 

1.3 

Table  V.  Radiation  Yields,  +  CgHg  at  20°  C 


Dose 

Mole  fraction  C5F6 
G(SiFi^),  molecules/100  ev 
G(CH=C=CH2)  "  " 

G(C0)  "  " 

G(H2) 

G (polymer)^  "  " 


275  megr 

1.00 

0.667 

0.114 

0^ 

0.010 

0.326 

0 

.027 

.0012 

0 

.0007 

.063 

0.044 

1.72 

2.18 

3.55 

.95 

a.  Base  molecules  converted. 

b.  Gordon,  van  Dyken,  and  Doumanl,  reference  I5. 


Table  VI.  Radiation  Yields,  +  H^, 

3k  atm,  20®  C,  319  megr 


C6F6,  pure  ^6^6  +  ^2 


G(S1P]^),  molecules/lOO  ev 
GCCOg) 

G(C0) 


0.010  0.105 

0  .004 

.0012 


Table  VII.  Radiation 

Yields, 

C6F6  +  C 

7^16 

20°  C 

Dose 

530-408 

megr 

Mole  fraction  CgFg 

0 

0.38 

0.74 

1.0 

G(SiPi^),  molecules/100  ev 

0.167 

0.308 

0.088 

0.010 

^(COg), 

.028 

.025 

.003 

.  .0012 

G(CF^),  "  "  • 

.195 

.  .131 

.085 

0 

G(C2P6), 

.081 

.122 

.008 

0 

H - 


Figure  2.  ESR  Spectrum  of  Irradiated  Teflon  lOOX. 
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50  100  150 

Exposure  dose,  megr 

Figure  4.  Zero-strength-tlme  of  Irradiated  Polymers. 


FlgLire  6.  Accumulation  of  Free  Radicals  in  Irradiated  Teflon  lOOX 


Log  ZST 


FAST  NEUTRON  ACTIVATION  OF  SEAPLANE  MATERIALS 

by 

L.  BRANDEIS  WEHLE,  JR.,  MICHAEL  D.  D'AGOSTINO, 
and  ANTHONY  J.  FAVALE 

Grumman  Aircraft  Engineering  Corporation 
Bethpage,  Long  Island,  New  York 


Activation  of  a  seaplane  hull  bottom  by  the  predominantly  fast 
leakage  flux  from  a  propulsion  reactor  Is  expected.  An  experi¬ 
mental  approach  to  this  activation  problem  was  necessary  because 
of  the  presence  of  Impurities  In  commercial  materials,  and  be¬ 
cause  cross  sections  are  not  well  known  In  the  fast  region.  Small 
specimens  of  aluminum  alloy  2014  sheet  coated  with  a  number  of 
substances  such  as  paints,  primers,  tapes,  sealants  and  seawater 
residue  were  irradiated  for  2  hours  in  a  fast  flux  of  about  5.53  x  10" 
with  a  fast  to  thermal  ratio  of  72.5.  Specimen  activity  was  meas¬ 
ured.  Most  of  the  activity  was  from  the  aluminum  alloy  with  little 
originating  in  the  surfacing  materials  or  sea  water. 


This  paper  is  classified  and  Is  bound  In  Volume  Six. 
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SUMMARY 


Samples  of  corky  leather,  and  various  elastomers  were  irradiated  in  the 

cobalt  60  gamma  source  of  the  California  Research  Corporation  at  dosagea 
7  1.0 

of  ca,  10'  to  10  ergs/gram. 

No  significant  changes  were  observed  for  cork.  Tensile  strength  of  leather 
was  affected;  no  hardening  was  noticed.  These  materials  can  be  used  in 
certain  systems  in  nuclear  emrlronments.  Elastomers  SE-551  and  SE-371  are 
affected  by  nuclear  radiation.  At  ca,  10^®  ergs  tensile  strength  and  elonga¬ 
tion  properties  decrease  considerably,  while  hardness  Increases  to  the  point 
of  crumbling,  Hl^  tenperature  Thiokol  exhibits  good  properties  after 
Irradiation, 

Viton  A  retains  usable  tensile  strength  up  to  ca,  10^®  ergSj^with  some 
Incrdase  in  hardness.  At  ca,  10^^  ergs  the  percent  of  elongation  of 
Viton  A  drops  ccxislderably, 

Viton  A  and  hi^  temperature  Thiokol  appear  to  be  promising  materials 
for  use  in  nuclear  environments.  Additional  work  is  being  planned. 
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I.  INTRODUCTION 

A  Uterature  search  failed  to  produce  usable  data  on  the  effects  of 
nuclear  radiation  on  cork  and  leather*  These  Items  are  used  In  airplane 
systems  as  gaskets  and  back-up  rings ,  and  as  such  are  important* 

New  elastomers  have  been  developed,  which  show  promise  for  high  tempera¬ 
ture  0-ring  use*  No  data  was  available  on  the  effects  of  nuclear  radia¬ 
tion  on  these  materials* 


II.  PURPOSE 


The  purpose  of  this  investigation  was  to  obtain  data  usable  for  design 
puxposes.  Such  data  will  be  useful  in  the  design  of  S7stems  for  airplanes 
and  missiles  using  nuclear  energy  for  propulsion  or  exposed  to  nuclear 
radiation* 


III.  MATERIALS  AND  TESTS 


Facilities 

A  literature  sunr^  failed  to  reveal  usable  data  on  the  effects  of  nuclear 
radiation  cork  and  leather.  Also^  new  elastomers  were  developedf  no  \isable 
data  existed  on  the  effects  of  nuclear  radiation  on  these  matexlals.  Tests 
were  necessary  to  obtain  data*  Therefore,  arrangements  were  made  during 
the  latter  part  of  1956  with  Messrs.  J.  L.  Cooley  and  R.  0«  Bolt,  California 
Research  Cozporatlon,  to  irradiate  these  materials  in  the  CRC  gamma  facility* 

The  California  Research  Corporation's  pobalt  60  gamma  source  produces 
2*68  X  10^  roentgens  per  hour.  Samples  of  pork,  leather,  and  elastomers 
were  placed  in  sealed  containers  and  irradiated  to  varying  exposure  dosages* 
After  Irradiation  plqrsical  properties  of  the  materials  ware  measured*  The 
results  were  tabulated  and  plotted* 

Materials  and  Specimens 

The  cork  gaskets  used  In  the  experiments  confora  to  Military  Speolflcatlon 
No*  HHC-576.  These  gaskets  are  located  in  the  noar  wheel  well  of  the  present 
B-52.  Wafers  and  strips  were  cut  from  a  sheet  of  the  material*  The  wafers 
were  0*688  inches  in  diameter;  the  strips  were  1"  x  3”  x  1/8"*  The  cork 
contains  animal  glue  as  a  binder* 

The  leather  specimens  wero  hydraulic  back-up  rings,  which  meet  Military 
Specification  No*  AN-R-22*  The  specimens  had  an  outside  diameter  of  1*875"* 
a  width  of  0.188",  and  a  thickness  of  0*09ll"* 

The  elastomers  used  in  the  experiments  were* 

1,  SE  55l  (white)  ^Silicone 


2«  SE  371  (red-iron  oxide  compound), Silicone 
3»  Viton  A  (hexafluoropropjrlene,  viT^rlidene  fluoride  copolymer  - 
supplied  by  Jerome  H«  Kelble,  Senior  Project  EDgineer,  WADC) 

U*  High  temperature  Thlokol 

The  specimens  were  in  the  form  of  0-rings.  With  the  exception  of  the  Viton 

A  spedmensy  the  dimensions  were  1.U75  ±  .010”  dia.  x  0.210  ±  .OO^”  width 

(AN  6227-28).  The  Viton  0-rings  had  dimensions  of  0.98U''  ±  .006"  dia.  x 

0.139”  d  .OOli"  width  (AN  6227-19)*  (Viton  A  is  also  known  as  Co^poulld  No. 

051-16A.) 

Testing 

The  following  tests  were  made  on  the  cork  speoiaenst 

CoD^ression-defleotiony  conforming  to  Federal  Specification  HH-C-$76 

Compression  set  »•  «  »  »  ■ 

Flexibility  hum  n  n 

Tensile  Strength  «  »  «  w  « 

Ultimate  load  tests  were  made  on  the  leather  back-up  rings. 

The  following  tests  were  made  on  the  elastomer  0-rlngs. 

Durometer  Shore  A  hardness.  ASTH  D  Ul2 
Compression  Relaxation,  WADC  TR  56-272  (see  page  30) 

Stress-Strain,  Boeing  Document  D-17U16-3  (see  page  10) 


IV.  RESULTS 


Cork 

Compression  Set 

Testing  conformed  to  Federal  Specification  HH-C-576.  The  speciaen,  at 
least  0.12^  Inches  thick,  was  placed  under  a  1  psi  load  for  l5  seconds 
and  the  thickness  of  the  specimen  measured.  The  pressure  was  Increased 
to  IDO  psi.  After  a  period  of  one  minute  the  tMount  of  ponpresslon  was 
neastured.  The  pressure  was  then  reduced  to  1  psi  and  after  a  jjerlod  of 
fire  minutes  the  thickness  was  again  measured.  The  percentage  of  com¬ 
pression  and  recovery  was  calculated  according  to  the  formulas  belowt 

percentage  coqpresaloa  <■  (IDO)  (amourt  of  oompressloa) 

Osiglnai  t^ileknsM 

percentage  recovety  (lOO)  (^covered  thickness) 

Original  thleknesa 


The  following  results  were  obtained} 

Dosage.  Ergs/gram  %  Compression  %  Recovery 

0  27.9  97.2 

8.3  X  106  29.9  97.3 

8.3  X  10^  29.2  97.8 

8.3  X  ID®  27.6  97.3 

8.3  X  109  29.0  9$.U 


Compression  -  Deflection 

Three  specimens  of  cork  discs,  each  having  a  circular  area  of  one  square 
Inch,  were  assembled  on  top  of  each  other  and  a  con^jresslve  force  of  600 
pounds  was  applied  after  which  the  pressure  was  Immediately  released.  This 


gave  a  compreasion-def lection  curve.  It  vas  difficult  to  get  reproduolble 
results,  and  90  the  test  was  discontinued. 

Flexibility 

Tests  were  conducted  according  to  Federal  Specification  which 

states! 

"Samples  of  sheet  cork  0.l87^  Inches  or  less  in  thickness  shall 
not  break  or  separate  when  rolled  over  a  rod  the  diameter  of  which 
shall  be  five  times  the  thiekness  of  the  sample." 

The  following  results  were  obtained! 

Dosage,  Erga/grem 


0 

passed 

8.3  X  10^ 

passed 

8.3  X  10^ 

passed 

8.3  X  10® 

passed 

8.3  X  10^ 

passed 

Tensile  Strength 

Testing  WM  done  in  aocordance  with  Federal  Specification  HH»C-$76. 
The  resultr  weret 

Dosage,  Ergs/gram  Tensile  Strength,  pei 


0 

53.2 

8.3  X  10^ 

55.2 

8.3  X  10^ 

50 .0 

8.3  X  10^ 

55.2 

8.3  X  10^ 

55.2 

(See  Figures  1  -  3.) 
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Leather 


Tensile  strength  vas  the  only  test  performed  on  the  leather  back-up  rings. 

Some  of  the  specimens  -were  Inadvertently  notdied^  weakening  the  areas. 
Therefore,  these  results  are  inconclusive. 

The  results  wexe: 

Dosage,  Ergs/grams 
0 

8,30  X  10^ 

8.22  X  10® 

5.U8  X  10? 

8.22  X  109 

(Sea  Figure  U.) 

No  visual  changes  weze  noticed, 
to  Irradiation. 

Elastomers 

Samples  of  Vlton  A  (Compound  051-16A,  supplied  by  WADC),  SE-371  (copolymer 
of  dimetlQrl  siloxane  and  raethylvlnylsiloxane)  (red)  and  SE  (polynethyl- 
vinyl  siloxane)  (white)  were  Irradiated  at  varying  gamma  dosages. 

Viton-A  0-rings  were  irradiated  at  8,3U  x  lo"^  ergs/gram,  1.3li  x  10^  ergs/gram, 
and  8.30  x  10^  ergs/grara.  No  visual  changes  were  observed  after  irradiation. 

SE-551  0-rings  were  irradiated  at  8.3U  x  10^  ergs/gram,  8.30  x  10®  ergs/gram, 
1.3U  X  10^  ergs/gram,  and  8,30  x  10^  ergs/grams.  At  8,3U  x  10^  ergs/gram 
no  visual  changes  were  observed.  At  8,30  x  10®  ergs/gram  stiffening  was 
noticed.  At  1,3U  x  10^  ergs/gram  the  elastomers  were  noticed  to  be  harder. 

At  8,30  X  10^  ergs/grara  an  O-ring  broke  when  handled. 


Ultimate  load,  lbs 

110.8  (average  of  8) 

113.8  (average  of  3) 

68,6  (average  of  3) 

10,8  (average  of  3) 

7.1  (average  of  3) 

There  was  no  hardening  or  discoloration  due 


I 
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SE-371  O-rings  were  irradiated  at  8.3U  x  10^  ergs/grara,  1.3U  x  10^  ergs/grao, 
8*30  X  10®  ergs/gram,  and  8*30  x  10^  ergs/gram.  No  appreciable  visual  changes 
were  noticed  after  irradiation* 

Flat  slabs  of  high  temperature  Thiokol  were  irradiated  at  8.3U  x  10*^ 
ergs/grara,  3*87  x  ID®  ergs/grara,  8*30  x  10®  ergs/gram,  and  U*!?  x  3D^ 
ergs/gram*  No  significant  visual  changes  were  observed  after  irradiation* 

A  cupped  seal  ring  made  of  ceramic  filled  Teflon  (Duroid  5600)  was  irradiated 
at  8*30  X  10®  ergs/grara*  This  was  completely  cmunbled  after  Irradiation;  no 
tests  were  possible* 

Tests 

The  following  tests  were  made  on  the  Silicone  O-rings,  confounds  Sb  371  and 
SE  551  (size  AN  6227-28),  and  Viton  A  O-rings  (size  AN  6227-19): 

1*  Durometer  (Shore  A) 

2«  Compression  Relaxation  according  to  WADC  TR  56-272  page  6,  with 
the  exception  that  the  time  is  extended  to  five  minutes* 

3*  Stress-strain  determination  according  to  January  1957  Boeing 
Progress  Report  D-17U16-3  Page  10  with  the  exception  that  the 
samples  were  tested  in  air  at  room  temperature* 

The  following  physical  properties  were  determined  on  high  tenperature  thiokol 
sealant: 

1*  Ultimate  tensile  and  Elongation,  ASTM  D  Ul2 
2*  Durometer  (Shore  a),  ASTM  D  676 

Data 

The  data  resulting  from  these  tests  are  summarized  in  Tables  I,  II,  III,  and 
Tf,  The  data  have  been  plotted  on  Figures  5,  6,  7,  and  8, 
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V, CONCLUSIONS  AND  RECOI-a-Ei®ATIONS 


The  following  conclusions  are  made  5 

'  l.Cork  gaskets  and  leather  back-up  rings  can  be  used  in  certain 
systems  in  nuclear  environments. 

2.Slastomers  SE-^^l  and  SE-371  have  limited  use  in  nuclear  envlroiv* 
ments. These  are  not  ideally  suited  for  o-rlngs  in  the  presence  of 
high  Intensity  radiation. 

3. High  temperature  Thiokol  and  Viton  A  exhibit  good  properties 
after  high  radiation  dosages. 

Further  environmental  dynamic  tests  are  plaimed  for  the  Thiokol  and 

Viton  A  elastomers. 
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TABLE  I  VITON-A  IRRADIATED  O-RINOS 
(SuppUed  by  WADC) 

SUMMARY  DATA 


OODE 

DOSAGE 

erqs/gram 

TENSILE 

STRENGTH, 

PSI 

i  ^ 

Unlrradlated 
(Average  of  3) 

1658 

X-1 

8.3li  X  10^ 

22U0 

825— 8“lj 

1.31i  X  109 

11^98 

825-9-3 

(Average  of  2) 

ELONGATION, 

PERCENT 

HARDNESS, 
SHORE  A 

COMPRESSION 

RELAXATION 

-SLOPE 

307 

81 

12.8 

230 

65 

10.2 

165 

88 

7.3 

X-10 


U70 


135 


90 


13.3 


TABI£  II  SE-$5l  tmns)  IRRADIATED  0-RINGS 
(Prepared  ly  Boeing  Airplane  Company) 

SUMMART  DATA 


CODE 

DOSAGE, 

ergs/gram 

TENSILE 

STRENGTH, 

PSI 

ELOICATrON, 

PERCENT 

HARDNESS, 
SHOPE  A 

COMPRESSION 
RELAXATION 
^ SLOPE 

Control 

Unirradiated 

680 

85 

60 

19.2 

X-3 

8.3U  X  10^ 

680 

87 

60 

18.2 

X-7 

8,30  X  10® 

370 

mm 

65 

3U.5 

•• 

1.3U  X  10^ 

(Crumbled 

) 

X-12 

8.30  X  1£)9 

(Broke  when  removed*  crumbled  when  handled 

) 

154«  l-RS 


£XiI/^f/VC 


2-7000 


NO.  D2-I8i9 

PAGE  13 


TAB'Ji  ni  SE-371  '(RED)  IRRADIATED  0-RINQS 
(Prepared  by  Boeing  Aiiplane  Company) 

SUMMARY  DATA 


CODE 

DOSAGE, 

erqs/gram 

TENSILE 

STRENGTH, 

PSI 

ELONGATION, 

PERCENT 

HARDNESS, 
SHORE  A 

COMPRESSION 

RELAXATION 

“SLOPE 

Control 

Unirradiated 

260 

170 

30 

IU.7 

X-2 

8.3U  X  lo"^ 

290 

160 

35 

16,1 

X-6 

a 

8,30  X  10 

280 

“ 

50 

21,3 

«• 

1.3U  X  10^ 

280 

- 

52 

21,3 

x-u 

8,30  X  10^ 

(Broke  when  removed,  crumbled 

> 

TABI£  IV  HIGH  TEUPERATUPJi:  THIOKOL,  SUBS 
(Prepared  by  Boeing  Airplane  Company) 

SUMMAiar  DATA 


CODE 

DOSAGE, 

EROS/QRAM 

TENSILE 

STRENGTH, 

PSI 

ELONGATION, 

PERCENT 

HARDNESS, 
SNORE  A 

COMPRESSION 

RELAXATION 

“SLOPE 

Control 

Unlrradlated 

U50 

67 

- 

Z-Ji 

8.3U  X  10^ 

1»30 

390 

69 

- 

x-5 

3.87  X  10® 

U50 

lOiO 

68 

- 

X-8 

8.30  X  10® 

UUo 

380 

68 

- 

X-9 

U.15  X  10^ 

llOO 

27$ 

68 

-  ^ 
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FIG,  5  EFFECT  OF  GAMMA  RADIATION  ON  VITON-A, 

ROOM  TEMPERATURE  TESTS. 

HEXAFLUOROPROPYLENEVINYLIDENE  FLUORIDE  COPOLYMER 
0-RIN6S 

EFFECTS  OF  NUCLEAR  RADIATION  ON  CORK  ,  LEATHER  , 

AND  ELASTOMERS 


ELONGATtON- 


ARDNESS 


CRUMBLED 


TENSILE  STRENGTH- 


CRUMBLED 


DOSAGE,  ERGS  /GRAM  -  AIR 


FIG  6  EFFECT  OF  GAMMA  RADIATION  ON  SE-S5I 
ROOM  TEMPERATURE  TESTS 
SILICONE  RUBBER  O-RINGS- 


EFFECTS  OF  NUCLEAR  RADIATION  ON  CORK, 
LEATHER,  AND  ELASTOMERS 
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FIG.  7  EFFECT  OF  GAMMA  RADIATION  ON  SE-371 
ROOM  TEMPERATURE  TESTS. 

SILICONE  RUBBER  O-RINGS 


EFFECT  OF  NUCLEAR  RADIATION  ON  CORK, 
LEATHER,  AND  ELASTOMERS 
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50  h 


.  I  ..  L11.L 


10 


.10®  10^  10®  10 
DOSAGE,  ERGS/GRAM-AIR 


9 


10 


10 


FIG.  8  EFFECT  OF  GAMMA  RADIATION  ON  HIGH 
TEMPERATURE  THIOKOL 
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THE  PLATE  SHEAR  METHOD  FOR  DETERMINING  RADIATION 
EFFECTS  ON  THE  MODULUS  OF  RIGIDITY  OF 
HONEYCOMB  SANDWICH  PANELS 

by 

R.  R.  Bauerlein 
Convair 

A  Division  of  General  Dynamics  Corporation 
Fort  Worth,  Texas 

A  new  testing  method  —  the  Plate  Shear  Method  — 
has  been  developed  for  obtaining  the  modulus  of 
rigidity  in  a  mixed  radiation  field.  The  Plate  Shear 
Method  has  proved  to  be  more  consistent  and  more 
reliable  than  the  Beam  Deflection  Method.  Further¬ 
more,  it  is  adaptable  to  testing  during  the  irradia¬ 
tion  process . 

This  paper  describes  the  Plate  Shear  Method, 
its  application,  and  the  remotely  controlled  equipment 
required  for  its  application.  In  particular,  it 
discusses  the  advantages  of  the  new  method  in  yield¬ 
ing  design  data  on  honeycomb  sandwich  panels  being 
tested  for  use  in  a  nuclear-powered  aircraft. 


INTRODUCTION 

In  the  past  Convair-Fort  Worth  has  made  extensive  studies 
of  the  effects  of  radiation  on  honeycomb  core  sandwich  panels. 
These  studies  have  been  directed  toward  the  effects  on  both  the 
core  material  and  the  various  adhesives  used  for  bonding.  This 
discussion  will  emphasize  the  techniques  of  testing  these 
materials  rather  than  the  results  that  have  been  obtained.  Tech¬ 
niques  currently  in  use  exhibit  large  between— specimen  varia¬ 
tion  and  physical  testing  can  be  carried  out  only  after  radia¬ 
tion  exposure. 

Preliminary  experiments  prove  that  accurate  and  consistent 
micromeasurements  for  modulus  of  rigidity  data  are  easily  made 
by  the  Plate  Shear  Method.  This  method  lends  itself  readily  to 
radiation  dynamic  testing,  utilizing  simplified  remote  controls. 

DISCUSSION 

The  most  common  types  of  tests  used  for  determining 
radiation  effects  on  sandwich  panels  are:  compression. 


tension,  flexural  strength,  and  nodulus-of-rigidity  by  the 
Bean  Deflection  Method.  The  control  speclnens  for  these 
tests  have  consistently  had  excessive  between-speclnen 
variations .  These  variations  exist  between  speclnens  cut 
fron  the  sane  panel  as  well  or  for  speclnens  fron  different 
panels. 

Prellnlnary  experlnents  have  proven  that,  with  a 
properly  designed  test  Jig,  extrenely  accurate  nodulus-of- 
rlgldlty  data  can  be  obtained  by  the  Plate  Shear  Method. 
Figure  I  shows  the  test  Jig  for  applying  plate  shear  load 
to  speclnen  with  a  calibrated  differential  transfomer 
nounted  to  record  total  strain  versus  total  shear  load. 

The  pulling  Jaws  of  the  Jig  have  sufficient  cross  section 
area,  so  that  elongation  of  the  Jaws  will  be  negligible 
for  proposed  loads.  The  roller  clanps  are  needed  because 
the  eccentric  loading  on  the  test  speclnen  has  a  tendency 
to  separate  the  alunlnun  skin  fron  the  Flberglas  core. 

The  differential  transfomer  has  a  linear  variation  In  out¬ 
put  voltage  with  respect  to  the  position  of  Its  novable 
Iron  core  and  Is  calibrated  accordingly.  The  output  of 
the  transfomer  connects  to  a  digital  voltneter  with 
a  printer,  thus  giving  a  peruanent  record  of  strain  for 
each  predetemlned  shear  load.  The  load  Is  applied  to 
the  pulling  Jaws  by  a  hydraulic  Jack  which  nay  be  con¬ 
trolled  renotely  fron  a  panel  In  the  nuclear  reactor 
control  roon. 

Modulus— of-rlgldlty  data  obtained  by  the  Plate  Shear 
Method  has  proven  nore  consistent  and  nore  accurate  than 
by  Bean  Deflection  Method.  In  the  Plate  Shear  Method  the 
fomula  Is  of  slnpler  fom,  and  data  neasurenents  are  nade 
directly.  By  definition  nodulus— of— rigidity  nay  be 
expressed  by 


unit  shear  force  between  skin  and  core  In 
psl  (force  per  unit  area  of  skin  In  con¬ 
tact  with  core). 

unit  defomatlon  In  Inches  per  Inch  (total 
defomatlcn  divided  by  core  thickness)  . 

In  prellnlnary  testing  of  Flberglas  honeyconb  core 
Inpregnated  with  phenolic  resin  Hexcel  91LD  (3/16-lnch  cell 
size  and  weight  of  9.0  Ib/f t3) ,  the  variation  of  Gg  was 
consistently  within  500  psl  fron  an  average  Gc  of  35,000 
psl.  Variation  In  calculated  as  great  as  10,000  psl 
are  connon  by  the  Bean  Deflection  Method.  The  accuracy 


where  f 
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e 
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of  the  Plate  Shear  Method  was  not  innediately  apparent  at 
the  beginning  of  the  preliainary  testing.  For  the  initial 
testing  of  a  speclnen,  the  changes  in  deforaatlon  for  uni— 
fora  load  Intervals  were  very  erratic.  If  the  speclaens 
are  subjected  to  two  or  three  cycles  of  loading  to  approxi- 
aately  30%  of  their  ultlaate  strength  before  testing,  uni- 
fora  results  are  consistently  obtained.  Pre— stressing  the 
speclaens  in  this  aanner  allows  strain  relaxation  within  the 
bond  between  the  honeycoab  core  and  sandwich  skin.  Table  I 
indicates  typical  test  data  for  a  test  speciaen  before  and 
after  pre-stressing. 

The  large  variations  in  by  the  Beaa  Deflection  Method 
are  aostly  due  as  coaplex  foraulas  which  aagnify  slight 
errors  in  data  several  fold.  For  exaaple,  the  difference  in 
reading  of  the  width  of  a  pencil  point  on  stress— strain 
charts  aay  vary  the  calculated  Go  as  auch  as  5000  psl.  Also, 
these  fozwulas  contain  experiaental  constants  for  the 
various  aaterials  which  have  a  considerable  reala  of  doubt. 
The  general  foraula  is 


PL^  PL 


where 

d  *  deflection  of  panel  at  aid-point  in  inches 

P  -  total  load  in  pounds 

L  ■■  length  of  span  in  inches 

E.bf(H+c)2 

D  -  _ _ 

8K 

and  GobHCH+c) 

U  -  - - 

2c 

where 

-  aodulus  of  elasticity  of  facing  aaterlal  in  psl 
b  -  width  of  panel  in  inches 
f  »  thickness  of  facing  aaterlal  in  Inches 
H  -  panel  thickness  in  Inches  (Including  facing) 
c  -  honeycoab  core  thickness  in  Inches 

O 

K  *  1  -  S  where  S  is  Poisson’s  ratio  of  facing 

aaterlal 
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TABLE  I 


MODULUS-OF-RIGIDITY  DATA  -  PLATE  SHEAR  METHOD 
HEXCEL  91LD  FIBERGLAS  HONEYCOMB  CORE 


Loading 

Cycle 

Load  in 
Pounds 

Deformation 

(Mils) 

Mils  per 

500  Ib/lncrement 

No.  1 

0 

0 

500 

0.6 

0.6 

1000 

2.1 

1.5 

1500 

2.8 

0.7 

2000 

4.0 

1.2 

No.  2 

0 

0 

500 

0.6 

0.6 

1000 

1.6 

1.0 

1500 

2.4 

0.8 

2000 

3.1 

0.7 

"03  .  3 
thru  5 

0 

0 

500 

0.6 

0.6 

1000 

1.2 

0.6 

1500 

1.7 

0.5 

2000 

2.3 

0.6 

4 


and  G  =  honeycomb  core  modulus  of  rigidity  in  psi, 

c 

The  derivation  of  the  general  formula  is  based  on  the 
assumption  that  the  loaded  test  specimen  assumes  a  uniform 
radius  of  curvature  between  its  two  supports .  This  is  not 
believed  to  be  strictly  true. 

The  modulus-of-ridlglty  test  jigs  developed  are  readily 
adaptable  to  radiation  dynamic  testing.  With  the  test 
apparatus  set  up  as  described  earlier  (Fig.  1),  complete 
sets  of  test  data  may  be  taken  immediately  before,  during, 
and  immediately  after  irradiation  of  the  test  specimen. 

This  eliminates  the  need  for  post- radiation  environmental 
storage.  Also,  by  taking  data  at  regular  intervals  during 
irradiation,  damage  thresholds  may  be  determined  with  only 
one  test  run.  Otherwise,  time-consuming  test  setups  are 
required  for  each  predetexmined  radiation  dose. 


CONCLUSION 

The  Plate  Shear  Method  is  much  more  accurate  and 
reliable  than  the  Beam  Deflection  Method  for  determining 
possible  radiation  effects  on  modulus-or— rigidity  of  sand¬ 
wich  panels.  Due  to  the  between-specimen  variation  and 
magnification  of  experimental  errors  by  complex  formulas, 
xtidlation  effects  may  not  be  detected  by  the  latter  method. 

The  computations  and  test  procedures  for  the  Plate  Shear 
Method  are  comparatively  simple.  Also,  extremely  accurate 
data  is  obtainable,  provided  the  test  specimens  are  pre¬ 
stressed  to  allow  strain  relaxation.  The  test  Jigs  with 
simplified  remote  controls  are  readily  adaptable  to 
irradiation  dynamic  testing  and  the  revised  test  techniques 
eliminate  the  requirements  for  environmental  handling  and 
storage.  Only  one  irradiation  test  run  may  be  required  to 
determine  threshold  damage  with  the  dynamic  testing  procedure. 
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"O"  RING  TESTING  IN  A  MIXED  FIELD  IRRADIATION 

by 

E.  E.  KERLIN 
Convai  r 

A  Division  of  General  Dynamics  Corporation 
Fort  Worth,  Texas 


This  report  describes  work  directed  toward  the  development  of 
"O"  rings  that  are  resistant  to  the  combined  effects  of  radiation, 
fluid,  temperature  and  pressure.  This  work  is  in  two  parts,  screen¬ 
ing  of  existing  compounds,  and  actuator  seal  tests. 

In  the  screening  tests  aircraft  "O"  ring  compounds  were  compared 
to  control  samples  to  determine  the  percent  damage. 

For  the  actuator  seal  tests,  equipment  was  built  to  simulate  "O" 
ring  seal  conditions.  This  equipment  gives  information  on  the 
sealing  ability  of  "O"  rings  in  actual  working  conditions. 

Compounds  that  were  least  effected  in  the  screening  test  were  tested 
in  the  actuator  seal  test.  The  most  promising  material  tested  wos 
Parco  363,  a  neoprene  WT  rubber. 

Present  work  on  this  program  is  being  directed  toward  development 
of  testing  techniques  to  give  a  more  accurate  environment  for  the 
screening  tests.  In  addition  testing  will  be  done  in  the  development 
of  a  more  radiation  resistant  "O'*  ring. 


This  paper  was  not  available  for  publication. 
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RADIATION  EFFECTS  ON  23  SILICONE  RUBBERS 
AT  AMBIENT  TEMPERATURE 

by 

D.  M.  Newell 
Convair 

A  Division  of  General  Dynamics  Corporation 
Fort  Worth,  Texas 

Convair-Port  Worth  has  conducted  screening 
tests  on  23  silicone  rubbers,  irradiated  at  three 
temperatures  and  four  fluxes.  The  Ground  Test 
Reactor  was  used.  The  information  obtained  to 
date  is  from  tests  conducted  during  February  and 
March  195'7  (MCI-4).  Standard  physical  tests  were 
performed . 

The  materials  were  obtained  from  Dow  Corning, 
General  Electric,  and  Union  Carbide.  The  mater¬ 
ials  found  to  be  the  most  radiation  resistant 
were:  Silastic  7-170,  SE  3BI,  Silastics  204B  and 
80,  and  8l64l  (GE).  There  was  a  definite  corre¬ 
lation  between  the  filler  content  and  the  damage, 
with  the  percent  damage  varying  Inversely  with 
the  percent  filler. 

INTRODUCTION 

Convalr-Fort  Worth  is  conducting  tests  to  determine  the 
effects  of  radiation  on  silicone  rubbers  and  other  types  of 
elastomers.  The  radiation  tests  are  performed  at  various 
temperatures  and  environments  using  the  Ground  Test  Reactor. 
The  information  covered  in  this  report  is  from  tests  con¬ 
ducted  on  23  silicone  rubbers  daring  Pebruary-March  1957  and 
concerns  ambient  temperature  irradiations  at  four  exposure 
levels.  These  silicone  rubbers  were  submitted  to  Convair 
by  Dow  Corning,  General  Electric  and  Union  Carbide.  The 
materials  are  being  screened  for  radiation  resistance.  Both 
dynamic-irradiation  and  post-irradiation  tests  are  being 
performed. 
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The  material  investigations  are  separated  Into  three 
phases  in  support  of  experimentation  toward  developing  mater¬ 
ials  resistant  to  radiations  (l)  experimental  screening  of 
materials  of  interest  to  determine  their  radiation  resist- 
eince  and  to  provide  design  data;  (2)  environmental  tests  de¬ 
signed  to  determine  the  Interdependence  of  radiation  and  en¬ 
vironmental  effects;  and  (3)  theoretical  studies  to  deter¬ 
mine  the  basic  mechanisms  of  radiation  damage. 

The  tests  reported  in  this  paper  are  part  of  Phase  I, 
as  shown  above,  and  Include  irradiation  at  ambient  temper¬ 
ature  and  air  environment,  at  four  integrated  fluxes. 

CONCLUSIONS 

There  was  no  evidence  In  the  tests  performed  that  any 
one  of  the  three  principle  groups  of  silicone  rubbers  (di¬ 
methyl,  methyl  phenyl,  and  methyl  vinyl)  is  more  resistant 
to  reactor  Irradiation  than  the  other  two.  The  fluorlnated 
type  Is  not  resistant  to  radiation,  as  would  be  expected. 

There  Is  strong  correlation  between  the  silica  filler 
content  and  the  extent  of  radiation  damage.  In  two  of  the 
properties  this  correlation  could  be  expressed  mathemati¬ 
cally: 


Tear  Strength: 
Elongation: 
Where : 

And 


^  =  1.73  “35 

S  =  1.10  -19 

s  =  5^  of  original  property 
f  =  ^  filler 


Apparently  the  strength  supplied  by  the  mechanical 
bonding  of  the  filler  particles  to  siloxane  chains  is  leas 
subject  to  degradation  binder  radiation  than  the  covalent 
bonding  In  the  polymer  Itself.  If  slloxanes  can  be  made 
In  such  a  way  that  satisfactory  hardness  and  other  proper¬ 
ties  can  be  maintained  while  using  a  high  filler  content, 
then  the  material  should  have  an  improved  radiation  re¬ 
sistance. 


2 


The  materials  with  the  best  radiation  resistance  of  the 
twenty-three  screened  In  this  test  were  SE  38I  and  DC  7-I7O, 
The  poorest  material  was  LS-53.  There  were  no  standouts 
among  the  remaining  twenty  rubbers,  but  DC  2048,  DC  80,  and 
8l64l  were  considered  the  three  best  In  the  tests  performed. 

Standard  post-irradiation  tests  are  acceptable  for 
screening  a  variety  of  materials.  However,  these  tests  do 
not  give  complete  design  data  nor  do  they  give  much  Insight 
as  to  the  mechanisms  of  the  radiation  damage.  Convalr-Port 
Worth  Is  testing  materials  In  application  tests  (Ref,  4) 
and  In  other  dynamic  tests  simulating  aircraft  conditions. 

As  Indicated  In  the  two  special  tests.  Irradiation  under 
stress  gives  more  sensitive  detection  of  changes  than  post- 
Irradlatlon  tests.  Increased  emphasis  Is  being  placed  on 
modulus  and  other  measurements  made  on  stressed  samples  dvu*- 
Ing  Irradiation. 


MATERIALS  AND  PROCEDURES 


Materials 


Silicone  iMibbers  manufactured  by  the  three  leading  com¬ 
panies  In  this  field  were  irradiated.  The  material,  class, 
and  manufacturer  are  shown  In  Table  I.  ^The  composition  and 
type  of  gum  stock  are  given  In  Table  II.  For  the  sake  of 
brevity,  the  prefix  "DC"  Is  used  throughout  this  report  in 
place  of  the  trade  name  "Silastic"  for  the  Dow  Corning 
rubbers . 


Physical  Testing  Procedures 

With  two  exceptions,  engineering  properties  were  deter¬ 
mined  after  Irradiation  by  standard  physical  methods.  The 
tests  conducted  were  as  follows s 

ASTM  D412-51T, 
Die  C 

ASTM  D624-54T, 
Die  B 

ASTM  D736-54T, 
Tensile  Die  C 

ASTM  D676-55T 
Instant  Reading 


a.  Tensile  Strength  and  Elongation 

b.  Tear  Strength 

c.  Low-Temperature  Brittleness 

d.  Hardness  (Shore  "A") 


*  See  author's  note  added  In  print,  page  39. 
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TABLE  I 


MATERIALS  USED 


Materials 

Class 

Manufacturer 

1. 

DC -50 

General  Purpose 

2. 

LS-53 

Fuel  and  Oil  Resistant 

(Materials  No. 

1-11,  Dow  Coming 

3. 

DC -80 

General  Purpose 

Corp.,  Midland, 
Michigan) 

4. 

,  DC -152 

General  Purpose 

5. 

DC -250 

Extreme  Temperature 

6* 

DC -675 

Extreme  Temperature >  Low 
Compression  Set,'  Low 
Shrinkage 

7. 

DS-2048 

General  Purpose 

8. 

DC -6-127 

Extreme  Temperature 

9. 

DS -6162c (651) 

Low  Compression  Set 

10. 

DS-6508 

General  Purpose 

11. 

DC -7-170 

Low  Compression  Set 

12. 

SE-361 

Low  Compression  Set 

(Materials  No, 
12-20,  General 

13. 

SE-371 

Low  Compression  Set 

Electric  Co,, 
Silicone  Products 

14. 

SE-381 

Low  Compression  Set 

Dept,,  Waterford, 
New  York) 

15. 

SE-450 

General  Purpose 

16. 

SE-551  A 

Extreme  Low  Temperature, 

Low  Shrinkage 

17. 

SE-750 

Extreme  High  Temperature 

18. 

SE-751 

Extreme  High  Temperature 

19. 

8i64o(se452) 

Low  Compression  Set 

20. 

8i64i(se482) 

Low  Compression  Set 

21. 

Y-1631 

Low  Temperature 

(Materials  No. 

21-23,  Union 

22. 

Y-1632 

Experimental  -  Low 
Temperature 

Carbide  and 

Carbon  Corp., 
Silicones  Div., 

23. 

Y-I633 

(improved 
version  pro¬ 
duced  as 

XKI205) 

Low  Temperature 

Tonawanda, 

New  York) 

TABLE  II 


COMPOSITION  OP  MATERIALS  USED 


1  Material 

Composition 

Percent 

1. 

DC-50  (Dimethyl) 

401  Qum 

6g.i 

24/480  post  cure 

Silica 

27.3 

2. 

DC-80  (Dimethyl) 

24/48o  post  cure 

401  Oum 
Silica 

64.8 

32.1 

3. 

DC-7-170  (Dimethyl) 

Qum 

52.5 

24/48o  post  cure 

Silica 

48.0 

DC-152  (Dimethyl) 

Oum 

67.7 

24/480  post  cure 

Silica 

30.6 

■5. 

DC -250  (Dimethyl  &  Phenyl 

Oum 

69.5 

Methyl)  24/480  post  cure 

Silica 

27.1 

6. 

DC-675  (Dimethyl  &  Phenyl 

Methyl)  12/480  post  cure 

Oum 

63.6 

Silica 

35.4 

7. 

DC -2048  (Dimethyl  &  Phenyl 

Qum 

63.5 

Methyl)  4/480  post  cure 

Silica 

33.6 

8. 

DC-6-127  (Dimethyl  &  Phenyl 

Qum 

70.2 

Methyl)  24/480  post  cure 

Silica 

,28.0 

9, 

DC-6162C  (Dimethyl  &  Phenyl 

Qum 

70.3 

Methyl)  12/480  post  cure 

Silica 

28.5 

10. 

DC -6508  (Dimethyl  &  Phenyl 

Qum 

78.6 

Methyl)  1/480  post  cure 

Silica 

21.4 

11. 

LS-53  (Methyl  Trlslurro  propyl 

Qum 

76.9 

24/300  post  cure 

Silica 

22.3 

12. 

SE-361  (Methyl  Vinyl) 

SE-33  Qum 

56 

24/480  post  cure 

Silica 

44 

13. 

SE-371  (Methyl  Vinyl) 

SE-33  Oum 

50 

24/480  post  cure 

Silica 

50 

14. 

SE-381  (Methyl  Vinyl) 

SE-33  Oum 

43 

24/480  post  cure 

Silica 

57 

15. 

3E-450  (Dimethyl) 

SE-76  Qum 

67 

24/480  post  cure 

Silica 

33 

16, 

SE-551  A  (Methyl  Phenyl) 

SE-52  Qum 

67 

24/480  post  cure 

Silica 

33 

17. 

SE-750  (Dimethyl) 

SE-30  Gum 

67 

24/480  post  cure 

Silica 

33 

18. 

SE-751  (Methyl  Vinyl) 

SE-33  Oum 

67 

24/480  post  cure 

Silica 

33 

19. 

8l640  (Methyl  Vinyl) 

SE-33  Oum 

67 

24/460  post  cure 

Silica 

33 

20. 

81641  (Methyl  Vinyl) 

SE-33  Oum 

59 

24/460  post  cure 

Silica 

4i 

21. 

y-1631  (Methyl  Phenyl,  lO^t  Phenyl) 

Qum 

69 

24/480  post  cure 

Silica 

31 

22. 

Y-1632  (Methyl  Phenyl,  20$^  Phenyl) 

Qum 

69 

24/480  post  cure 

Silica 

31 

23. 

y-1633  (Methyl  Phenyl,  10^  Phenyl) 

Qum 

69 

24/480  post  cure 

Silica 

31 

The  exceptions  mentioned  above  are  two  special  tests 
performed  to  determine  the  effect  of  radiation  on  samples 
which  were  stressed  while  being  irradiated.  The  first  test, 
constant  deflection  compression  set,  was  run  on  two  types  of 
silasticsj  DC  7-I7O  and  DC  250.  The  method  used  is  a  modifi¬ 
cation  of  ASTM  D395-55,  Method  B.  Seunples  were  compressed 
25  percent  and  50  percent  in  a  constant  deflection  compress¬ 
ion  Jig.  Both  control  and  Irradiated  samples  were  maintained 
under  compression  for  30  hours  at  an  elevated  temperature. 

The  thicknesses  were  measured  30  minutes  after  removal  from 
the  test  j igs . 

The  second  special  test  consisted  of  determining  the 
permanent  set  of  tensile  specimens  maintained  at  50  percent 
elongation  dvu*lng  irradiation.  Permanent  set  was  measured 
30  minutes  after  removal  from  the  test  Jigs.  Ultimate 
strength  was  deLernilned  on  the  samples  after  completion  of 
the  special  tests.  This  test  was  performed  on  one  Silastic 
only,  LS-53. 

Statistical  Analysis  Procedures 


Standard  statistical  methods  were  used  in  evaluating 
the  data.  A  maximum  of  five  specimens  were  tested  for  each 
condition  of  irradiation  as  well  as  for  the  controls.  The 
significance  of  deviations  between  the  irradiated  and  non- 
irradlated  sample  means  was  determined  at  the  95  percent 
confidence  interval.  This  interval  may  be  defined  as  the 
range  of  the  plus  and  minus  deviations  from  the  observed 
difference  which  Included  the  true  difference  95  percent 
of  the  time.  If  the  confidence  Interval  of  a  specific 
example  Included  zero,  there  is  no  assurance  that  a  true 
difference  exists.  Correlations  between  damage  and  other 
variables  were  made  using  the  method  of  least  squeires.  Low- 
temperature  brittleness  was  determined  oii  two  specimens. 

In  the  event  one  specimen  passed  and  the  other  failed,  two 
other  specimens  were  tested. 

Irradiation  Pi’ocedures 


The  sample  mounting  procedui’es  and  irradiation  equip¬ 
ment  are  shown  In  Figures  1  and  2.  All  samples  were  mounted 
nonnal  to  the  reactor  flux  in  such  a  way  that  none  of  the 
samples  were  shielded  by  the  other  samples.  The  boral  cover¬ 
ed  irradiation  chambers  were  placed  under  water  beside  the 
reactor.  Pour  Inches  of  water  separated  the  boxes  from  the 
reactor  core.  This  irradiation  took  place  dvirlng  February 
1957  at  Convalr-Port  Worth. 
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Pour  different  doses  were  obtained  by  adjusting  the  QTR 
power  level  and  the  radiation  time.  The  exposures  covered 
four  decades  of  Integrated  power  as  follows: 


Exposure 

Power 

Level  (kw) 

Time 

(Hours) 

And}  lent 

Temp,  of  Samples  (°F) 

1 

10 

1 

75 

2 

100 

1 

75 

3 

100 

10 

85 

4 

500 

20 

150 

The  last  column  is  the  approximate  temperatiu?e  of  the 
samples  during  radiation.  The  temperature  Inside  the  boxes 
was  not  monitored  but  was  estimated  from  temperature  measure¬ 
ments  made  at  a  later  date. 

Dosimetry 

The  neutron  flux  values  were  determined  from  bare  and  20 
mil  cadmium  covered  gold  foils  (2  mil  thick)  and  3  gm  sulfur 
tables.  Gamma  dose  measurements  were  made  with  chemical 
(tetrachloroethylene)  dosimeters. 

The  Standardization  Committees  at  Convalr-Port  Worth  and 
WADC  (WADC-TN-57-207)  recommend  the  gamma  dose  be  reported  In 
ergs  per  gram  absorbed  In  carbon.  Neutron  flux  for  sulfur  Is 
reported  as  the  number  of  neutrons/cm^-sec  above  the  "effective 
threshold"  of  the  dosimeter.  The  threshold  for  sulfur  Is  2.9 
Mev.  Gold  foil  data  are  reported  as  the  eplcadmlum  flux,  the 
neutrons/cm^-sec  above  the  cadmium  cutoff, which  is  0.48  ev. 

The  gamma  chemical  dosimeters  consist  of  0.8  ml 
tetrachloroethylene  containing  3  gny^llter  lonol  overlayed 
with  0.2  ml  water  containing  16  rag/llter  chlorophenol  red  In¬ 
dicator  flame  sealed  In  slllconed  neutraglas  ampules.  These 
ampules  are  enclosed  In  10  mil  of  lead.  The  dosimeters  are 
calibrated  with  a  cobalt  60  source.  The  gamma  dose  In  R  Is 
multiplied  by  a  factor  of  87.7  to  get  ergs/gm  (C). 

The  average  Integrated  neutron  fluxes  and  the  Incident 
gamma  doses  for  the  four  exposvires  are  listed  In  Table  III. 
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TABLE  III 


INTEaRATED  NEUTRON  FLUX 


Exposure 

No. 

—  — -  ■  ^ 

Eplcadmlum 
(=•0.48  ev) 

Past 

(:^2.9  Mev.) 

Gamma 

ergs/gm(C) 

n/y  Ratio 
(Rem  Basis) 

1 

3.48(12) 

1.01(12) 

1.01(7) 

1.03 

2 

3.46(13) 

9.73(12) 

1.00(8) 

1.03 

3 

3.04(14) 

9.00(13) 

7.42(8) 

1.03 

4 

3.19(15) 

9.14(14) 

9.00(9) 

1.04 

The  exact  flux  received  by  each  sample  varied  according 
to  the  location  of  the  samples.  These  values  were  used  to  es¬ 
tablish  the  curves  showing  the  results  of  each  physical  test 
(Pigs.  3  -22).  The  aggregate  uncertainties  in  the  dosinetry 
values  are  as  follows: 


gold 

+ 

385^ 

sulfur 

± 

415^ 

gamma 

+ 

425^ 

The  uncertainty  is  Increased  in  the  process  of  combining 
neutrons  and  gammas,  as  was  necessary  to  plot  curves.  The 
addition  was  based  on  tissue  dose  techniques,  converting 
neutron  and  gamma  values  to  rem.  The  use  of  this  technique 
should  not  be  interpreted  as  meaning  10°  rems  will  cause  the 
same  damage  whether  from  neutrons  or  gammas. 

RESULTS 


Standard  Physical  Tests 

The  results  of  the  physical  tests  are  presented  in  Figures 
3  through  22.  Each  physical  property  is  plotted  for  a  series  of 
related  silicone  rubbers.  The  materials  were  divided  into  groups 
according  to  the  molecular  structure  of  the  silicone  gum  stock. 

It  was  felt  that  the  best  comparison  between  materials  could  be 
made  in  this  way. 

The  groups  are  as  follows : 

Group  1  Dimethyl  slloxanes 

Groups  2  and  3  Methyl  phenyl  slloxanes 

Group  4  Methyl  vinyl  slloxanes 

Group  5  Methyl  trlf luoropropyl  slloxanes 

(one  only) 
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NPC  7442  FIGURE  3 
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HPC  74«8  FIGURE  8 


O  O  O  O  O  o  Q 

^  n  01  o  do 

^  <H  ri  ^ 


amvA  “ivNi9iao  dO  iNaoaid 


17 


PERCENT  ELONG^TiCP  METHYL 
PHENYL  SiLOXiHNE 


3mVA  nVNIOITO  dO  ±N30a3d 


18 


NPC  74«e  FIGURE  10 


WiiCSiiT  ELOm^nO^  METHYL 
TEiTLUOEOPEOPYL  SiLOKHNE 


OOoOOOOOOQpQQOO 
^  ^  ^ 


3niVA  IVN  191^0  dO  XNaOUBd 


20 


NPO  7444  FIGURE  12 
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NPC  7446  FIGURE  13 
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HPC  74-59  FIGURE  16 
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The  only  distinction  between  Groups  2  and  3  Is  that  Group  2 
t  comprises  all  extreme  low  temperature  stocks,  while  Group  3 
comprises  mixed  application  types  including  low  temperature, 
general  purpose,  and  low  compression  set. 

For  convenience  in  analyzing  the  results,  all  physical 
property  changes  were  plotted  in  terms  of  percent  of  original. 

The  means  of  the  original  control  samples  (groups  of  5  specimens) 
are  listed  in  Table  IV.  Satisfactory  agreement  was  found  within 
each  group  of  five.  However,  it  has  been  found  that  when  an  experi¬ 
ment  is  repeated,  a  systematic  error  is  found  between  the  means 
of  the  two  samples.  This  will  occur  even  with  the  same  batch 
of  material  and  when  all  parameters  are  carefully  replicated. 

To  obtain  an  accurate  measure  of  a  damage  threshold  on  a  batch 
of  material,  one  or  two  replications  should  be  made.  However, 
for  screening  purposes  and  to  determine  the  exposure  at  which 
severe  damage  occurs  a  single  experiment  such  as  the  one 
reported  here  is  sufficient. 

The  temperature  could  not  be  controlled  in  the  irradia¬ 
tion  chambers  used  in  this  test.  The  ambient  temperature 
of  samples  was  subject  to  gamma  heating  of  the  water  surround¬ 
ing  the  reactor.  The  effect  was  small  except  at  Exposure  4, 
when  the  temperature  reached  about  150°F.  This  temperature 
will  not  normally  affect  silicones,  but  the  possibility  of 
an  interaction  between  temperature  and  radiation  environments 
exists.  This  possibility  is  under  examination  at  the  present 
time  in  Convair  tests.  Another  environment  known  to  be  a 
factor  in  radiation  damage  is  the  oxygen  content  of  the 
atmosphere.  Siloxanes  will  degrade  more  in  air  than  in  an 
inert  atmosphere  (Ref.  l).  Since  silicones  in  a  nuclear- 
powered  aircraft  will  be  in  contact  with  air,  this  is  the  best 
environment  for  design  data  studies.  Other  studies  will  be 
made  in  an  inert  atmosphere  and  in  an  ozone-controlled  atmo¬ 
sphere  in  order  to  obtain  more  basic  information. 

There  were  few  cases  of  significant  damage  in  any  of  the 
properties  at  the  two  lower  exposure  levels.  In  more  cases, 
particularly  in  elongation  and  tear  strength,  damage  was 
found  at  the  third  exposure  level.  In  nearly  all  cases  moderate 
to  severe  embrittlement  occurred  at  the  highest  exposure  level. 
Analysis  of  the  results  over  the  five  groups  showed  no  clear 
evidence  of  one  group  being  better  than  the  others.  The  phenyl 
types  were  expected  to  show  the  best  resistance  due  to  their 
aromatic  content,  as  has  been  previously  reported  (Ref.  1  and 
2) .  No  data  were  obtained  at  Exposure  4  for  the  three  Union 
Carbide  Rubbers.  They  were  about  average  for  the  methyl 
phenyl  groups  at  the  three  lower  exposures.  The  summary  of 
results  below  does  not  Include  the  Union  Carbide  silicones 
because  of  the  lack  of  Exposure  4  data. 
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TABLE  rV 


CONTROL  MEANS  FOR  PHYSICAL  TESTS 


Tensile 

Elongation 

Tear 

1 

Hardness 

Material 

Psl 

Psl 

Shore  A 

Group  1 

DC  50 

1030 

320 

79 

52 

DC  80 

780 

160 

79 

80 

DC  152 

840 

270 

85 

50 

DC  7-170 

6qo 

85 

32 

61 

SE  450 

800 

260 

74 

44 

SE  750 

1000 

230 

43 

45 

Group  2 

DC  6-127 

600 

90 

54 

71 

Y  1631 

740 

190 

85 

56 

Y  1632 

800 

230 

96 

45 

Y  1633 

740 

220 

95 

62 

SE  55IA 

660 

190 

61 

56 

Group  3 

DC  250 

980 

280 

58 

33 

DC  675 

790 

120 

103 

76 

DC  S-2048 

690 

290 

76 

58 

DC  6-508 

690 

570 

96 

17 

DC  6162c 

1210 

440 

136 

53 

Group  4 

SE  361 

840 

90 

37 

62 

SE  371 

1060 

85 

37 

60 

SE  381 

830 

50 

31 

80 

SE  751 

840 

260 

* 

50 

81640 

1190 

460 

90 

47 

8l64l 

920 

200 

98 

80 

Group  5 

LS  53 

1150 

270 

67 

57 

*  No  data  were  obtained. 
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Tensile  Strength 


The  tensile  strength  variations  for  the  five  groups  of 
materials  are  presented  in  Figures  3  through  '( .  The  LS  53  was 
damaged  to  35  percent  of  the  original  at  Exposure  4,  and  was 
damaged  significantly  even  at  Exposure  1.  The  methyl  vinyl 
group  showed  decreases  in  all  cases  at  Exposure  4,  8l640 
being  the  worst  example  at  46  percent  of  the  original.  The 
dimethyl  and  methyl  phenyl  groups  underwent  the  least  damage 
in  tensile  strength.  DC  7170,  DC  152,  DC  6-127,  and  SE  551 
actually  increased  in  tensile  strength.  At  Exposure  4, 

DC  7170  was  the  best  material  with  an  increase  of  40  percent. 

The  original  tensile  strength  of  the  materials  appears 
to  have  a  direct  bearing  on  the  direction  and  degree  of 
changes  due  to  irradiation.  Of  the  eight  materials  with  an 
original  tensile  strength  greater  than  900  psl,  seven  de¬ 
creased  significantly  in  tensile  strength.  Of  the  nine 
materials  having  an  original  tensile  strength  between  7OO 
psl  and  900  psi,  eight  underwent  no  significant  damage.  Of 
the  four  materials  having  an  original  tensile  strength  of 
less  than  700  psl,  two  increased  significantly.  These  were 
DC  6-127  and  SE  551 ^  as  noted  above. 

Elongation 

LS-53  was  the  material  most  affected  in  elongation  as 
well  as  in  ultimate  strength  (Figs.  8-12).  The  damage  evident 
in  LS-53  is  typical  of  fluorinated  polymers.  The  extremely 
high  electronegativity  of  the  flouride  in  the  carbon-flour Ine 
bond  (F-C  =  1.5)  causes  an  electron  shift  toward  the  flourine, 
(Ref.  3).  This  fact  along  with  the  related  bond  energy  of 
107  kilocalorles/mole  tends  to  weaken  the  adjacent  C-C  bonds 
and  the  nearby  Si-0  bonds.  This  results  in  side  chain  and 
main  chain  cleavage,  causing  a  decrease  in  tensile  strength 
and  especially  in  elongation. 

All  methyl  and  substituted  methyl  types  of  siloxanes 
underwent  moderate  to  severe  decreases  in  elongation.  The 
material  least  damaged  at  Exposure  4  was  SE  381  which  was 
60  percent  of  the  original  (Fig.  11).  Most  of  the  other 
materials  were  reduced  to  less  than  30  percent  of  the 
original  at  Exposure  4. 

Tear  Strength 

Most  of  the  materials  were  damaged  quite  severely  in 
tear  strength  (Figs.  12-17).  The  least  affected  percentage¬ 
wise  was  DC  7-I70  which  was  72  percent  of  the  original  at 
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Exposure  4.  A  previous  batch  of  DC  7-170  was  Irradiated  to 
a  dose  near  Exposure  3  and  was  damaged  quite  severely  (a 
reduction  from  46  Ib/in.  to  9  Ib/ln. ) •  This  Is  one  example 
of  the  problem  In  obtaining  agreement  between  different 
Irradiations  of  the  same  basic  materials.  The  balance  of 
the  dimethyl  stocks  and  the  methyl  phenyls  were  damaged  to 
less  than  38  percent  of  the  original  at  Exposure  4.  However, 
the  methyl  phenyl  types  were  not  damaged  quite  as  much  as  the 
dimethyls  at  Exposures  2  and  3.  The  300  series  of  methyl 
vinyl  rubbers  by  GE  held  up  best  in  tear  strength  of  the 
Group  4  materials. 

Hardness 

All  materials  increased  in  hardness  as  a  result  of  the 
crosslinking  due  to  irradiation  (Figs.  18-22).  The  dimethyl 
group  changed  the  most  in  hardness,  averaging  16  percent  of 
original  at  Exposure  4.  DC  80,  however,  was  very  good.  The 
methyl  phenyl  rubbers  did  not  harden  nearly  as  much.  With 
two  exceptions  all  members  of  this  group  hardened  less  than 
52  percent.  The  principle  exception  was  DCS-6508,  which 
increased  388  percent  (Fig.  20).  This  was  not  surprising 
since  this  stock  had  only  a  one-hour  post  cure  at  480Op. 

Also,  the  filler  content  of  this  recipe  was  the  lowest  of 
all  rubbers  tested,  21.4  percent.  This  resulted  in  a  very  low 
original  hardness,  17  percent,  and  allowed  for  a  greater 
degree  of  hardening  due  to  radiation  crosslinking.  LS-53 
(Plg.  22)  was  the  only  rubber  which  softened  before  it  hardened. 

Low  Temperature  Brittleness 

All  materials  passed  the  low  temperature  brittleness 
test  at  -100°F  except  those  listed  in  Table  V.  There  was 
no  correlation  between  the  test  results  and  dose,  since 
failures  occurred  at  all  four  doses.  The  methyl  vinyl 
group  had  the  most  cases  of  low  temperature  embrittlement 
(four  out  of  a  total  of  six) .  Generally  the  phenyl  substi¬ 
tution  is  used  for  low  temperature  resistance. 

Relationship  of  Filler  Content  to  Damage 

There  was  a  definite  correlation  between  filler  content 
and  damage  .  It  was  possible  to  obtain  equations  by  the 
method  of  least  squares,  expressing  the  damage  as  a  function 
of  filler  content.  A  good  fit  was  found  for  two  of  the  pro¬ 
perties  tested.  They  are  as  follows,  for  Exposure  4: 
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TABLE  V 


LOW  TEMPERATURE  BRITTLENESS 


Note;  Y  1631,  Y  1632  and  Y  1633  were  not  tested  for  Low 

Temperature  Brittleness  at  Exposure  4,  They  passed 
the  test  at  the  three  lower  exposures. 


All  Materials 

passed  at  -lOOOp 

FAILURES 

except  the  following; 

Material 

Group 

Exposure 

Temperature 

SE  450 

1 

1 

-95°F 

2 

-95°F 

SE  381 

4 

1 

-goop 

2 

-90°p 

3 

-95°P 

8l640 

4 

2 

-95°F 

6l64i 

4 

4 

-100°F 

SE  751 

4 

1 

-100°P 

LS-.53 

5 

4 

-95°F 

35 


Tear  strength: 
where : 


S=  1.73?  -35 

o  =  56  of  original  tear  strength 
f  =  5^  filler 

Elongation:  6=i.io  -I9 

where :  6  =  5^  of  original  elongation 

f=  5^  filler 

The  above  expressions  will  predict  the  values  to  within  ± 

20  percent  with  95  percent  confidence  for  any  of  the  elastomers 
tested.  Within  a  single  group,  such  as  dimethyl,  an  expression 
with  sllj^tly  different  factors  can  be  obtained  with  somewhat 
better  precision. 

Special  Tests 

The  purpose  of  the  constant-deflection  compression  set  test 
was  to  establish  how  high  a  dose  was  necessary  to  obtain  a  signifi¬ 
cant  permanent  set.  It  is  felt  at  Convair-Port  Worth,  that  standard 
compression  set  data  obtained  after  irradiation  gives  misleading 
information.  The  ASTM  standard  method  for  testing  calls  for  70 
hours  at  212°F. 

Compression  set  is  commonly  used  to  test  the  cure  of  a  rubber. 

For  a  given  material  the  set  is  high  if  it  was  undercured  and 
low  if  overcured.  Since  radiation  cures  the  rubber,  a  post-lrradiatio 
compression  set  test  will  normally  reflect  the  amount  of  additional 
cure  obtained.  However,  if  the  sample  is  placed  under  compression 
during  irradiation,  the  amotuat  of  curing  shows  up  as  a  sharp  increase 
rather  than  a  decrease  in  compression  set.  The  elastomer  chains 
are  crossllnked  while  in  the  stressed  position  and  consequently 
the  percent  set  is  very  sensitive  to  irradiation. 

Dow  Corning  7-170  and  250  were  tested  in  triplicate  according 
to  the  special  test  described  in  the  "Physical  Test  Procedures" 
Section.  The  controls  were  run  in  duplicate.  There  was  no  penn- 
anent  set  in  the  controls  and  all  irradiated  samples  underwent 
100  percent  permanent  set.  The  controls  were  maintained  at  200°P 
for  30  hours  while  the  irradiated  samples  reached  a  maxlraiun  of 
approximately  150°P. 

The  fluorlnated  silastic  LS-53  was  tested  for  permanent 
tensile  set  under  irradiation  according  to  the  method  described  in 
the  "Physical  Test  Procedures"  Section.  Standard  tensile 
specimens  were  used.  The  permanent  tensile  set  of  three  specimens 
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maintained  at  50  percent  elongations  for  a  period  of  30  hours. 
Including  Irradiation  time,  was  as  follows;  (Table  VI). 


TABLE  VI 

TENSILE- IRRADIATION  TEST  LS-53 


Specimen 

No. 

Thickness 

(In.) 

Area 

(ln.2) 

ll 

12 

13 

Tensile 
Set  ^ 

Tensile 

Strength 

Psl 

1 

0.061 

0.0153 

1.0 

B 

1.329 

34 

660 

2 

0.059 

0.0147 

1.0 

1.329 

34 

640 

3 

- 

- 

1.0 

B 

1.312 

38 

Reject 

Control  mean,  unstressed  specimens 

1150 

%  Tensile  set 
Vftiere  1^^ 

12 

13 


I2  -  13 
I2  -  ll 


X  100 


“  Original  length 
-  Length  when  stressed 

“  Length  30  minutes  after  removal  from  test  Jig 


The  ultimate  tensile  strength  of  two  of  the  above  speci¬ 
mens  was  performed  at  the  completion  of  the  special  test.  The 
third  specimen  could  not  be  tested  due  to  distortion  of  the  ends 
of  the  specimen  during  the  special  test.  No  controls  were  run 
on  tensile  set  at  the  comparable  temperature  In  the  absence  of 
radiation . 

The  materials  In  the  two  above  tests  were  Irradiated 
for  20  hours,  receiving  doses  equivalent  to  Exposure  4,  Table  III. 
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Author's  note  added  in  print: 


In  the  list  of  Dow  Corning  rubbers  (Table  II),  the 
use  of  vinyl  in  some  stocks  was  omitted.  While  the 
vulcanized  stock  no  longer  contains  the  vinyl  groups 
(they  are  cured  to  ethyl  crosslinks),  the  presence 
of  vinyl  should  have  been  Included  in  Table  II,  as 
follows : 

1.  DC-50  —  dimethyl  and  vinyl 

2.  DC-80  —  dimethyl  and  vinyl 

6.  DC-675  —  dimethyl,  phenyl,  and  vinyl 

9.  DC-6162C  —  dimethyl,  phenyl,  and  vinyl 

10.  DC-6508  —  dimethyl,  phenyl,  and  vinyl 
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